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“Na vida há que ter a serenidade necessária, 
para aceitar as coisas que não podemos 
modificar, coragem para modificar aquelas que 
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Abstract 
The present work had as main objective developing tools capable of simulating the evolution 
of Eucalyptus globulus forests in Portugal taking into account disturbance factors, such as 
market demands, hazards occurrence, land use changes, forest management and/or climate 
changes.  
Some conceptual work was done concerning the definition of different forest management 
alternatives while at the same time the E. globulus current management was described. 
SIMPLOT, a regional simulator based on national forest inventory plots was developed and 
validated. This simulation tool, mainly driven by wood and biomass demands, takes into 
account the occurrence of hazards, land use changes and the changes between different 
forest management alternatives allowing accessing its long-term impacts, namely on wood 
production and carbon sequestration. Some of the empirical growth models available for this 
species in Portugal were integrated into this simulator. However, the need to forecast the 
growth of highly stocked stands managed for bioenergy lead to the development of a new 
model. In order to account for climate changes, a process-based model was required. 
Therefore, the applicability of 3PG process-based model at a regional scale was tested for 
planted and coppice stands. Two forest level simulators, 3PG-Out+ and GLOBULUS, were 
developed along this study. 
 
Key-words: forest simulators, Eucalyptus globulus, SIMPLOT, GLOBULUS, 3PG-Out+, 
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Resumo 
Esta tese teve como objectivo principal o desenvolvimento de ferramentas para simular a 
evolução das florestas de eucalipto em Portugal tendo em conta factores externos tais como 
as procuras de mercado, a ocorrência de riscos, as alterações de uso do solo, a gestão 
florestal e/ou as alterações climáticas. 
A gestão actual dos povoamentos de E. globulus foi descrita e estes classificados de acordo 
com os conceitos desenvolvidos. O simulador regional SIMPLOT, baseado nas parcelas do 
inventario florestal nacional, foi desenvolvido e validado. Este simulador é movido pela 
procura de madeira para pasta e biomassa para energia e tem em conta a ocorrência de 
riscos, as alterações de uso de solo e as alterações na gestão florestal, permitindo avaliar os 
seus impactes na produção de madeira e no sequestro de carbono a longo prazo. O 
SIMPLOT inclui modelos empíricos disponíveis para esta espécie em Portugal. A 
necessidade de prever o crescimento de povoamentos com elevadas densidades (produção 
de bioenergia) levou ao desenvolvimento de um novo modelo. O modelo de base fisiológica 
3PG que permite contabilizar as alterações climáticas foi testado para alto fuste e talhadia a 
uma escala regional. Foram desenvolvidos os simuladores do povoamento GLOBULUS e 
3PG-Out+. 
 
Palavras-chave: simuladores florestais, Eucalyptus globulus, SIMPLOT, GLOBULUS, 3PG-
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Preamble 
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procedures, decisions and assumptions made throughout this study.  
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introduction (Chapter I). The articles are integrated as chapters of this document and have a 
Roman numeral assigned (II – VII). The thesis is the compilation of the articles and the 
manuscript included as chapters of this document:  
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 General Introduction 
General I.1 Background 
Eucalyptus globulus Labil. was introduced into Portugal in the second half of the 19th 
century as an ornamental species. From then onwards, it has increased its range from 
around 70 thousand hectares in 1965 (DGSFA 1966a, DGSFA 1966b) to 740 thousand 
hectares (AFN 2010). The expansion, achieved at the expense of a reduction of 
uncultivated land and marginal agriculture, was promoted by pulp and paper industries in 
an attempt to secure their raw-material supply (Borges and Borges 2007). Nowadays, 
23% of the Portuguese forests are covered with E. globulus which is the second most 
representative species in area (AFN 2010) and one of the most important ones for the 
economy. Over the last decade, the incidence of severe forest fires, which had drastic 
consequences for the Portuguese forests, combined with the recent increase in 
production capacity registered in the pulp and paper industries led to an increase in wood 
demand. In 2009, around 20% of the wood used to supply the industry was imported 
(CELPA 2010). The increase in imported wood observed after 2006 can be seen as 
indicative of the harvesting pressure on eucalyptus forest in Portugal. 
Even though forests have always been used with multiple purposes, over the last decades 
the expectations regarding forest use have increased. Forestry wood production with 
profitable purposes is no longer the unique objective of forestry. This fact has led to 
changes in forest management and has set new challenges to forest managers that have 
to find a balance between alternative forest uses. Meanwhile, carbon sequestration in 
forests started being seen as an extremely valuable forest service. For this reason, 
managers will have to account more and more for the impacts that different management 
alternatives, combined with a general global change context, namely climatic changes, 
might have on forest growth, and consequently on forest policies.  
Along with carbon sequestration, the use of biomass for energy has also become an 
attractive and important topic in the last years. Under the scope of energetic diversification 
and of profitable exploitation of bio-fuels for energy production, biomass from forest 
residues might play a major role in reducing both carbon emissions and the consumption 
of fossil energy. Many European governments consider forest biomass as an important 
motor in meeting the Kyoto Protocol commitments (United Nations 1998). In Portugal, the 
construction of new thermoelectric plants supplied by forest biomass was supported by 
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the Portuguese Energy Strategy (DRE 2005a). The energy produced in these plants is 
competitively priced (109€/MWh), only bettered by photovoltaic energy (DRE 2005b). As a 
matter of fact, forestry wood chain (FWC) industries have been using biomass to produce 
thermo and electrical energy. In 2008, 74% of the energy consumed by the pulp and 
paper industry was derived from bio-fuels; of these 81% of the energy produced from 
biomass derived from a sub-product of pulp production (black liquor), 17% was produced 
from E. globulus and Pinus pinaster bark, and the remaining 2% from shrubs and agro-
industrial residues (CELPA 2009). Until now, mainly eucalyptus forest residues have been 
used with energetic purposes in Portugal. Nevertheless, bio-energy plantations could 
contribute as extra revenue for the forest sector. For this reason, the establishment of 
eucalyptus plantations with energetic purposes must not be disregarded in a near future. 
On the other hand, pulp and paper industries play a major role in the Portuguese 
economy and are responsible for the sustainable management of 154 thousand hectares 
of eucalyptus forest (CELPA 2011). Even though, sustainable forest management is 
difficult to achieve at the national level. Despite the Portuguese Energy Strategy has 
recommended financing research related to the use of forest biomass for energy 
production (DRE 2006), no results from studies on the potential use of eucalyptus for 
bioenergy have been published so far. Notwithstanding, the competition for areas 
managed for pulp and bio-energy is likely to occur in a near future considering the current 
market pressure to supply pulp mills with wood and bio-energy plants with biomass. In 
fact, the competition for the use of eucalyptus wood has already started since private 
forest owners have already started selling wood from pulp managed stands for bio-energy 
purposes because it pays off. Nevertheless, from the standpoint of the pulp and paper 
chain given biomass energetic efficiency, and despite the climatic impact policies that 
encourage the use of biomass for energy, it should only be used for heat production and 
cogeneration instead of dedicated electricity production (CELPA [s.d.]). Moreover, the use 
of wood in industries results in added value and higher employment in the forest sector 
than if used for energy production.  
With all the external factors that affect long-term wood availability in mind, such as the 
impacts of fluctuations in market demands, occurrence of disturbance events, such as 
fires, as well as changes in land use, forest management and climate, it became urgent to 
develop all-embracing methods for estimating forest growth. Several long-term scenario 
simulators have been and/or are being developed in Europe to evaluate the large-scale 
impacts of external drivers on the evolution of forests. EFISCEN is a good example of a 
large scale simulation tool. This simulator, based on an age-volume transition matrix was 
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conceived to be used at European scale and has been used by the European Forest 
Institute (EFI) to predict the evolution of European forests under different scenarios 
(Pussinen et al. 2001, Schelhaas et al. 2004, Nabuurs et al. 2003). Despite being a useful 
tool applicable to over 30 countries, EFISCEN works on a base of 5-year interval time-
steps, which results in some limitations in terms of simulating the evolution of species 
explored in short-rotations like is the case of eucalyptus in Portugal.  
Until recently, Portuguese forest managers aiming for wood production have seen their 
requirements met by empirical growth and yield models. Because of E. globulus’s 
importance for the pulp industry, Portugal has a long history in developing empirical 
growth models for this species (Amaro 2003, Amaro et al. 1998, Tome and Ribeiro 2000, 
Tomé et al. 2001, Soares and Tomé 2003, Barreiro et al. 2004, Tomé et al. 2006). 
Universities and pulp and paper industries embraced the challenge of developing a growth 
model for eucalyptus that could be applied to the whole country. The first version of this 
model was Globulus 2.1 (Tomé et al. 2001). Under the scope of the GlobLand project, a 
new version of Globulus empirical growth model was developed (Tomé et al. 2006). Now 
in its 3rd version Globulus 3.0 is the model in use for estimating eucalyptus growth in 
Portugal. Because empirical models have the inconvenient of being based on 
measurements lacking the flexibility and capacity to simulate environmental stresses, 
process-based models gained an extreme importance over the last years. 3PG was 
conceived to be a simple process-based model using only readily available data as input 
(Landsberg and Waring 1997, Sands and Landsberg 2002). 3PG has been parameterized 
for several species in different countries. The first studies to assess 3PG’s ability to 
simulate growth for E. globulus in Portugal also intended to identify needs for 
improvement (Tomé et al. 2004a). The model was hybridized with the Globulus model in 
an attempt to strengthen the week points of both models, resulting in the Glob3PG model, 
(Tomé et al. 2004b), and parameterised for E. globulus in Portugal (Fontes et al. 2006). 
Forest growth and yield models are essential to support forest management planning. 
However, they should be integrated into simulators with user-friendly interfaces in order to 
maximize their full potentialities. Out of the forest growth models available in Portugal, few 
had been implemented in individual interfaces making them non-user-friendly tools. In 
2001, interfaces were developed for the main tree species’ models in Portugal (FPPF 
2001). The interface developed for E. globulus integrated the Globulus 2.0 model (Tomé 
and Ribeiro 2000). This stand simulator was based on a closed rigid structure that 
required ordering new programs to integrate any updates to the models. Furthermore, the 
simulation of different forest management alternatives was quite reduced.  
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I.2 Objectives and Outline 
The main objective of this PhD study was to develop tools that allowed simulating the 
impacts of different management and climate change scenarios on eucalyptus carbon 
stocks and wood production in Portugal at stand, forest and/or regional level, with 
particular emphasis on the latest one. 
One of the first steps in order to account for changes in management was developing a 
classification of forest management approaches (FMA). This classification was based on 
an intensity gradient of silvicultural operations described using specific sets of basic 
principles which enable comparison across European forests. A set of 5 FMA’s was 
described according to which, the current management practiced for E. globulus in 
Portugal was classified as Intensive even-aged forestry. However, given the present 
situation on the eucalyptus wood-chain in Portugal, short-rotation forestry, the most 
intense FMA, was also considered. The definition of alternative FMAs and the concept 
behind this classification is presented in Chapter II.  
At the same time, under the scope of this thesis, a regional forest simulator was built for 
eucalyptus in Portugal. SIMPLOT was conceived to simulate eucalyptus stand growth in a 
region producing as output a whole variety of forest characteristics and a set of 
sustainability indicators. Based on national forest inventory (NFI) information as input it 
updates forest resources using growth models in order to predict the evolution of forest 
condition taking into account external drivers. The first version of the simulator, mainly 
driven by wood demand, but also accounting for hazards, more specifically fire occurrence 
and land use changes is described in detail in Chapter III. In this chapter, the conclusions 
of a long-term analysis of the impact of fire severity on the Portuguese forest are 
discussed.  
The next step was making SIMPLOT secondarily driven by biomass demand, which 
required structural changes in SIMPLOT. So far, SIMPLOT’s growth module only included 
growth models developed for projecting the growth of stands managed for pulp. In order to 
simulate the growth of bioenergy plantations, some correction factors, to be applied to 
Globulus 3.0 estimates, were developed and integrated into the growth module. Also, 
biomass modules were integrated into SIMPLOT in order to account for different sources 
of biomass used for energy. The updated version of the simulator was used to assess the 
impact of different biomass demands for bioenergy, combined with different afforestation 
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alternatives on the wood available for the pulp and paper industry in Portugal (Chapter 
IV).  
At this stage, the simulator’s second version covered all types of stands taking into 
account several external drivers such as wood and biomass demands, fire occurrence 
and land use changes. Notwithstanding, because projections obtained from running 
regional simulators are often used by policy makers to assist and support their decision 
making process, these tools need to be validated to increase credibility and gain sufficient 
confidence about its outputs. Therefore, SIMPLOT was initialized with data from 1995-
1997 NFI, with historic data used to define the drivers, and the resulting projections were 
compared with 2005-2006 NFI data. The methodology applied in the validation process 
and the results obtained can be found in Chapter V. 
In the meantime, the need to simulate short-rotation stands for bio-energy production 
more accurately led to another study. At present, no results from studies about the 
development of this species under short-rotation management are available. Thus, in a 
first step, Globulus growth estimates for highly stocked stands were evaluated. In a 
second step, new functions for bio-energy production stands were developed. The results 
from Globulus evaluation and the process of developing the growth model for highly 
stocked stands, GlobEP, are presented in Chapter VI.  
Empirical models, apart from being site specific and highly dependent on the concept of 
site index, are also known to be limited when it comes to simulating the effects of 
environmental stresses, conversely process-based models are expected to overcome 
these limitations. In order to make SIMPLOT sensitive to new management practices and 
climate changes, process-based models must integrate the simulator’s growth module. 
However, these models are demanding in terms of soil input, which are not available from 
the Portuguese NFI surveys, although there is the possibility to use soil information 
derived from soil maps. To test whether this was feasible, 3PG and Glob3PG were run 
using soil characteristics estimated from cartography complemented with stand 
measurements, as input. Their projections were compared to Globulus empirical model, 
which was used as a benchmark (Chapter VII). In order to test the performances of the 
process-based models, two stand/forest level simulators were developed, one based on 
empirical models and the other based on process-based ones: GLOBULUS and 3PG-
out+, respectively. Similarly to GLOBULUS, 3PG-out+ is driven by management and at 
the same time it accounts for weather and soil characteristics. Brief descriptions of these 
stand level tools are included in Chapter VIII.  
 Development of forest simulation tools for Eucalyptus in Portugal  
 
8 General Introduction | Susana Barreiro, 2011 
 
All simulators were programmed in FORTRAN language and are organized in modules 
and subroutines that are called by the main program in a proper order. Some modules 
integrate several subroutines, while others are composed of a single subroutine.  
The programming process was progressive and followed by the development of a 
common platform that integrates different simulators for the Portuguese forest – sIMfLOR. 
A lot of efforts have been made to make sIMfLOR as user friendly as possible. A visual 
interface was developed and programmed in VB.net to facilitate generating and/or 
importing the simulators required inputs. The conception of sIMfLOR is not part of this 
thesis despite the PhD candidate was involved in it. 
Finally, Chapter VIII apart from stressing the importance to the forest sector of the tools 
developed and studies conducted also summarizes the main results of this research. 
Moreover, this chapter also covers some topics that despite essential to this work would 
have passed unnoticed given the structure of the thesis, such as the problems related to 
data needs and sources, the underlying assumptions respecting to silvicultural systems, 
forest management approaches and prescriptions.    
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Classification of Forest Management Approaches: a new Conceptual 
Framework and its Applicability to European Forestry 
Chapter II 
II.1 Abstract 
The choice between different forest management practices is a crucial step in short, 
medium and long-term decision-making in forestry and when setting up measures to 
support a regional or national forest policy. Some conditions such as biogeographically 
determined site factors, exposure to major disturbances and societal demands are pre-
determined, whereas operational processes such as species selection, site preparation, 
planting, tending or thinning can be altered by management. In principle, the concept of a 
forest management approach provides a framework for decision-making including a range 
of silvicultural operations which influence the development of a stand or group of trees 
over time. These operations vary between silvicultural systems and can be formulated as 
a set of basic principles. Consequently, forest management approaches are essentially 
defined by coherent sets of forest operation processes at a stand level. 
Five ideal forest management approaches (FMAs) representing a gradient of 
management intensity are described using specific sets of basic principles which enable 
comparison across European forests. Each approach was illustrated by a regional 
European case study. The observed regional variations resulting from changing species 
composition, stand density, age structure, stand edges and site conditions could be 
interpreted using the FMA framework.  
Despite being arranged along an intensity gradient, the forest management approaches 
are not considered to be mutually exclusive, as the range of options allows for greater 
freedom in selecting potential silvicultural operations. As derived goods and services are 
clearly affected, the five forest management approaches have implications for 
sustainability. Thus, management objectives can influence the balance between the 
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II.2 Introduction 
Sustainable forest management (SFM) is a key concept that underpins modern forestry 
forests, as outlined in Europe in the principles agreed through the Ministerial Conference 
on the Protection of Forests in Europe (MCPFE 2003a). However, assessing the overall 
sustainability of different types of forestry practice is complicated because of variation 
both in the nature of the forest resource and in the impacts of different management 
measures in space and over time (Kimmins 1992). For example, European forests cover a 
wide range of climatic zones and forest types ranging from the spruce-pine forests of 
boreal Scandinavia to the mixed oak and pine forests of Mediterranean Europe (EEA 
2006). In addition, there are extensive plantation forests of conifers in Atlantic Europe and 
broadleaved plantations in Hungary and other Central European countries. In each of 
these forest types, a range of silvicultural operations can be applied from intensive 
systems based on clear felling and artificial regeneration to the fostering of irregular stand 
structures based on natural regeneration. Each coherent set of silvicultural operations 
applied to a given forest forms a silvicultural system which may be defined as ‘the process 
by which the crops constituting a forest are tended, removed, and replaced by new crops, 
resulting in the production of stands of distinctive form’ (Matthews 1989). 
Therefore, the informed choice of a silvicultural system is a crucial step in forest planning 
which can have major consequences for sustainability. The selection has to be made in a 
wider context that can only be partially influenced by a forest manager. Some conditions 
are predetermined or are beyond the control of forest management, e.g. biogeographically 
determined site conditions, current tree species composition, climate, but also economic 
and market circumstances and the formal and informal demands made by society at large. 
Other conditions are under direct control of forest management through the application of 
silvicultural operations at a stand level, such as site preparation, tree species selection, 
planting, tending, thinning, and final harvest regime. The wide range of forest types 
coupled with a variety of silvicultural systems can make it difficult to carry out a 
comparative sustainability analysis of different methods of forest management at either a 
regional or a continental scale. 
Various studies have tried to classify silvicultural systems, usually along one out of two 
main axes: an economic axis where systems are categorized according to production 
factor utilization and economic return (Speidel et al. 1969, Dummel 1970, Arano and 
Munn 2006), or an ecological axis where the categories depend on the degree of 
modification of natural conditions (Seymour et al. 1999, Pro Silva 1999, MCPFE 2003c, 
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Gamborg and Larsen 2003). Most classifications of this type have tended to adopt a three 
category system which contrasts non-intervention reserves with intensively managed 
plantations and with a more extensive form of management which may seek to emulate 
natural disturbances or to practice close-to-nature forestry (Montigny and MacLean 2006, 
Gamborg and Larsen 2003). One problem with this structure is that it ignores the variety 
of silvicultural systems which can be used in management of plantations, which can have 
consequential impact on biodiversity and other criteria of sustainability (Carnus et al. 
2006).  
Current attempts to assess the sustainability of forest management practices in Europe, 
whether as part of a set of land uses (Helming et al. 2008) or as the first part of a forestry 
wood chain (Paivinen et al. 2010), require a standard classification that can be linked to 
criteria and indicators of sustainability at local or national level, yet which is sufficiently 
flexible to be capable of application across a wide range of forest types. 
In this paper we present a new framework for classifying silvicultural systems and 
practices in relation to management intensity. Unlike existing classifications that are 
generally centered on two dimensions of sustainability, this framework is designed to be 
used with criteria and indicators reflecting the full range of economic, ecological and social 
components of sustainability. Irrespective of the particular aims of forest management, the 
actions taken (including a decision to take no action) will have consequences for forest 
ecosystem status and processes. Such actions will affect, to some degree, the goods and 
services derived from forests. Thus, the provision of goods and ecosystem services can 
be considered to be both a consequence as well as a driver of forest management. As 
such, our framework can serve as the foundation of any analysis wishing to explore the 
effect of changing policies and silvicultural operations upon criteria and indicators of 
sustainability, and upon the provision of ecosystem services. A suite of Forest 
Management Approaches (FMAs) is proposed, defined by the silvicultural operations 
practiced and the intensity of human manipulation of the processes of natural forest 
development. The FMAs are characterized by a coherent set of objectives and supporting 
practices, which results in a framework that should allow transnational, cross-regional and 
within-region comparisons of different silvicultural systems. This framework includes the 
detail of local technological, economic and ecological situations, while still being insightful 
for policy at the regional and cross-regional level. We illustrate the potential utility of this 
framework of FMAs by applying it to five European regions with different tree species and 
varying silvicultural regimes. 
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II.3 Basic Decisions and Principles in Forest Management 
The implementation of a silvicultural system involves a number of decisions on the type of 
operations to employ at the various phases of the development of a stand or group of 
trees. These operations can affect one or more key stand variables, such as tree species 
composition, stand density and age structure, stand edges, or site conditions, which in 
turn influence the provision of a range of ecosystem services. Further, within any given 
FMA, a particular criterion of sustainability (e.g. aspects of biodiversity, public preference 
for forest landscapes) may vary with different stages of tree growth. Therefore we have 
classified the development of a stand or group of trees into four “phases of development” 
according to their height and diameter: Regeneration (I), Young (II), Medium (III) and Adult 
(IV). The phases are not mutually exclusive in space or over time since, under certain 
conditions, they may occur together in the same stand, e.g. in the complex stand 
structures characteristic of ‘close-to-nature’ forestry. However, defining these phases is a 
means of arranging silvicultural operations and decisions along management cycles 
(Table 1). The value of being able to combine FMAs with their constituent phases is 
shown by Edwards et al. (submitted) and Jactel et al. (submitted). The first phase refers to 
the period from the start of establishing young trees naturally or artificially until the stand 
has reached 2 to 3 m height (Helms 1998). The second phase lasts until trees have 
reached pole size, i.e. 7 cm diameter at breast height (DBH). The third phase covers the 
period from trees having a DBH equal to 7 cm until the age/size when they have attained 
most of their potential height growth. The fourth phase is reached when height growth has 
largely ceased although diameter growth may continue, this phase includes the onset of 
senescence and eventual tree death. Although the phases are defined by tree size/health 
they differ slightly from development stages sensu Oliver and Larson (1996). While 
“Regeneration” corresponds to the ‘stand initiation’ stage, their ‘stem exclusion’ stage is 
split here into “Young” and “Medium” phases which are typically characterised by pre-
commercial or thinning operations respectively. While the beginning of the “adult” phase 
and their ‘understorey re-initiation’ stage are quite similar, no separate ‘old growth’ stage 
is distinguished in our classification. Table 1 summarizes the 12 critical decisions chosen 
for defining FMAs, the phases of stand or tree group development to which they 
predominantly refer and the key variables they affect as well as some associated 
silvicultural operations. This summary partly reflects criteria previously developed and 
discussed by Winkel et al. (2005). Having identified these essential decisions to be 
considered in the framework, clear differences have to be defined for each decision that 
will allow one to distinguish between FMAs. We call these limits the ‘basic principles’ of a 
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FMA which reflect the objective of the particular FMA and which identify the set of 
silvicultural operations appropriate for each decision. 
 
Table1. Major decisions involved in forest management, the associated silvicultural operations, and 
the link to sustainability indicators. 
Decision and subsidiary elements 





Affected stand variable 
and sustainability criteria 
1. Naturalness of tree species composition (I-IV
‡
) 
Species composition in relation to the  potential 
natural vegetation 
Share of site-adapted tree species 
Share of introduced tree species 
 




Tree species composition 
2. Tree improvement (I) 
Use of genetically improved material 
Use of genetically modified organisms 
 




Stand genetic diversity 
3. Type of regeneration (I) 




Stand density (growing 
stock) 
Age structure/ diameter 
distribution 
Tree species composition 
4. Successional elements (I-IV) 
Tolerance of successional elements, i.e. pioneer 







Tree species composition 
Density pattern 
5. Machine operation (I-IV) 
Machine movement/driving on forest soils 








Forest ecosystem health and 
vitality 
Site condition 
6. Soil cultivation (I) 








7. Fertilisation / Liming (I-IV) 
Fertilization to increase yield (amelioration) 
Compensate for nutrient extraction and re-






8. Application of chemical protective agents (I-
IV) 




Tree species composition 
9. Integration of nature protection (I-IV) 
Tolerance of biotope/habitat trees 
Tolerance of deadwood 






Tree species composition 
Density pattern  
Age structure 
10. Tree Removals (III-IV) 






Site condition  
Carbon stock 
11. Final harvest system (III-IV) 





Age structure/ diameter 
distribution 
12. Maturity (III-IV) 
Felling age in relation to the potential life span of a 







 Phase of stand development the critical decision predominantly refers to., 
‡
 I “regeneration”, II “young”, III 
“medium” and IV “adult”. 
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II.4 Forest Management Approaches 
Using these twelve decisions and their associated basic principles, we are able to 
describe five FMAs arranged along a gradient of intensity of resource manipulation (from 
‘passive’ to ‘intensive’). The intensity of manipulation associated with a particular FMA 
results from the deliberate alteration of key stand variables through utilization of 
production factors. Therefore, the degree of naturalness of forest ecosystems is indicative 
of the intensity of human intervention. Different levels of intensity can be characterised not 
only by changing stand structures but also by different species communities and, thus 
influence the biological diversity of an area (MCPFE 2003b). Table 2 shows how the 
decisions and their basic principles relate to the five FMAs proposed arranged along a 
scale of intensity of intervention. We also show how the different FMAs relate to traditional 
silvicultural systems used in European forests (e.g. Matthews 1989). In the following 
sections, the management objectives and basic principles of the five FMAs listed in Table 
2 are described. 
II.4.1. Passive - Unmanaged forest nature reserve 
Management objective: An unmanaged forest nature reserve is an area where natural 
processes and natural disturbance regimes are tolerated to develop without management 
intervention and where ecological and societal goals are given primacy. The aim is to 
maintain ecologically valuable habitats and their dependant biodiversity, while also 
providing a reference for the development of close-to-nature silviculture (see below). 
Depending upon the dominating stand or tree group development phase within this FMA, 
the area may be more or less valuable for these objectives. Furthermore, as an important 
landscape feature, the reserve may serve as a backdrop to forest recreation, and be used 
for basic and applied research (Parviainen et al. 2000). These areas may be protected by 
an ordinance or forest act (IUFRO 2007).  
Basic principles: No operations are allowed in a forest reserve that might change the 
nature of the area. Stands have a history of development without direct management or 
exploitation resulting in various qualities of naturalness (Peterken 1996, Sprugel 1991). 
Permissible operations (with limitations) can be the building of a trail so that people can 
visit these places of high ecological value. Other treatments may be allowed if the future 
of the area is compromised by external factors such as heavy browsing by deer or other 
animals. Such control measures must be limited and their only purpose is to protect the 
reserve from destruction, because in Europe these habitats are often very limited in size, 
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and therefore do not have the resilience against major disturbances that a larger area 
would have. A further reason for taking control measures would be to prevent major 
threats to adjacent stands managed under one of the four other approaches (Michalski et 
al. 2004, Popiel and Karczewski 2006). 
II.4.2 Low - Close-to-nature forestry 
Management objective: Close to nature is a “classification of stands or forest according to 
how closely they resemble nature. This classification is based on the impact of man, for 
which naturalness is defined as the extent to which man’s impact is absent or hidden” 
(IUFRO 2007). The objective of close-to-nature forestry is to manage a stand with the 
emulation of natural processes as a guiding principle. Economic outturn is important, but 
must occur within the frame of this principle. Any management intervention in the forest 
has to enhance or conserve the ecological functions of the forest. Timber can be 
harvested and extracted during these activities, but some standing and fallen dead wood 
has to remain in the forest, which may reduce productivity (FAOTERM 2007). 
Basic principles: Only native or site adapted tree species are chosen. The preferred 
method of regeneration is natural regeneration. Planting can be used to re-introduce 
native species into a devastated forest, but genetically improved planting material cannot 
be used. Species mixtures follow the typical composition for the stand type. Guidance on 
natural processes to be emulated and the patterns produced by various disturbance 
mechanisms is often based on findings from areas treated as ‘unmanaged forest nature 
reserves’ (e.g. Brang 2005). Soil cultivation or fertilization can only be done to restore the 
“naturalness” of the forest, if for example the sites have been so intensively managed in 
the past that these treatments are necessary to initiate any potential natural vegetation. 
Chemical pest control can only be applied during major events which spread from the 
surrounding stands. Small outbreaks should not be treated so that natural control 
processes are promoted. Concepts such as rotation length are of limited value and the 
decision on which tree(s) to harvest is often based on target diameters and stem quality 
rather than age. Biological legacies and natural biotopes should be promoted inside the 
stands. The final harvesting system should simulate the natural disturbance mechanisms, 
and therefore clear-cuts are not allowed unless stand replacing natural disturbances are 
characteristic of this forest type. Extraction of biomass is limited to the removal of the 
stems. Machine operations should be limited to a minimum with an emphasis on the 
protection of the natural structures during the activities. The use of appropriate machines, 
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which suit the structure and features of the forest (Pro Silva 1999) is restricted to a strip 
road system (with an extensive rack system). 
II.4.3 Medium - Combined objective forestry 
Management objective: This FMA is an approach that assumes that various management 
objectives can be combined in a manner that satisfies diverse needs better than through 
zoning where individual objectives are maximised in separate areas. Generally economic 
and ecological concerns play a major role in this FMA. Additional objectives to timber 
production can be: habitat, water and soil protection; mushroom production, game 
management and nature protection, avalanche and fire prevention, and recreation. Due to 
the great variability within combined objective forestry, it is often easier to define the limits 
of a combined objective forestry approach than the strategy itself. This allows for optimal 
adaptation to the local situation. 
Basic principles: Native or introduced tree species suitable for the site can be chosen. The 
preferred method of regeneration is natural regeneration but planting or seeding is 
acceptable to introduce native or desired species that would not otherwise occur. 
Products of tree breeding can be planted, but genetically modified planting material 
cannot be used. Tree species mixtures are typical for the forest type. Site cultivation 
and/or fertilization can be carried out to enhance the development of the forest, provided 
that these treatments are necessary to restore vegetation cover. Chemical pest control 
can be used in major outbreaks which are either introduced from the surrounding stands 
or placed the latter at risk. Minor outbreaks should not be treated with pesticides while 
natural measures are preferred for pest control as well as to increase resilience (e.g. 
greater use of mixed species stands). The rotation length is often longer than the age of 
maximum mean annual volume increment (MMAI) provided that financial criteria do not 
dictate otherwise. Biological legacies and natural habitats should be promoted inside the 
stands. The final harvesting system should be compatible with the chosen regeneration 
method. The intensity of harvesting is generally limited to solid wood volume, i.e. stem 
and branches with a diameter larger than 7 cm. Vehicle movement is restricted to a strip 
road system (with an intensive rack system), so that machine operations protect the 
residual stand and soil. 
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II.4.4 High - Intensive even-aged forestry 
Management objective: The intensive even-aged classification is characterised by stand 
or forest types, in which no or relatively small age differences occur among individual 
trees (IUFRO 2007). The age differences are usually less than 20% of rotation length. 
Typical stands consist of even-aged monocultures (sometimes with a small percentage of 
admixed species). The main objective of intensive even-aged forestry is to produce 
timber. If ecological aims can be achieved without much loss of revenue, they are 
normally incorporated. In many European countries, national guidelines outline the best 
practices for ensuring that operations in this approach are compatible with sustainability 
and environmental protection. 
Basic principles: Any non-invasive tree species suitable for the site can be chosen. 
Planting, coppice, seeding and natural regeneration are all possible regeneration 
methods. Economic factors are used to decide between the alternative methods. 
Planting/seeding material can be genetically improved, but not genetically modified. 
Typically, monocultures with small percentages of mixed-species stands (admixed 
species preferably also produce merchantable timber) are used to implement this 
strategy. Admixed species are generally only used if some parts of the stand fail, and/or if 
no economic loss is associated with their use. Site preparation is often used to enhance 
establishment success and remedial fertilization is used to increase growth rates. 
Chemical control of pests and diseases is kept to the minimum necessary. The rotation 
length depends mainly on the economic return and is normally similar to or shorter than 
the age of MMAI. Biological legacies can be incorporated to improve the ecological values 
of the stand, as long as the economic return is not substantially reduced. Biomass 
extraction is commonly limited to solid wood volume but might include whole tree 
extraction e.g. for bio-energy. Machine operations are not limited, as long as they do not 
harm the environment. The final harvest system is preferably clear cut or a combination of 
shelterwood and clear-cut if natural regeneration is preferred to reduce the costs of 
establishment. 
II.4.5 Intensive – Short-rotation forestry 
Management objective: The main objective of short-rotation forestry is to produce the 
highest amount of merchantable timber or wood biomass. Economic objectives are given 
priority while ecological concerns play a minor role in this approach. 
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Basic principles: The tree species selection depends mainly on the economic return. The 
planting material can be genetically improved and/or genetically modified. No natural 
colonisation by other tree species is permitted, if it reduces the growth of the chosen tree 
species. Sites are mechanically cultivated and can also be drained or irrigated if needed. 
Fertilization and liming are applied to the stands to enhance growth. Chemicals are used 
to treat pests and diseases and also for weed control. The rotation length only depends on 
the economic return, is often 20 years or less, and no biological legacies are included. No 
other habitats are maintained within the stand. The intensity of machine operations is at a 
maximum compared to the other approaches and is only limited by national environmental 
laws. The final harvesting system is a clear-cut combined with removal of all woody 
residues if there is a suitable market for these. 
 
II.5 Using FMAs to Classify Forest Management in Different European 
Regions 
To illustrate the potential utility of the framework proposed in Table 2, current forest 
management practices from five forest types in different European case studies (see 
Appendix) were described and classified. These practices were taken from the best 
practice guidelines for the relevant country or region. The classification process was 
based on evaluating each decision in the forest management cycle for each forest type 
according to the basic principles for the FMA. This provided a rating for the 12 basic 
decisions, and gave a quick overview of the intensity of the silvicultural practices 
described in each case study (Fig. 1). 
 
Fig. 1. Classification of the case studies along the intensity gradient where a)  Forest nature 
reserve in Białowieża National Park, Poland, b) European beech management in Baden-
Württemberg, Germany, c) Norway spruce management in the county of Västerbotten in Sweden, 
d) Sitka spruce management in Scotland and e) Eucalyptus management in Portugal. 
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Table 2. A list of the 12 major decisions, the basic principles used to distinguish between the 5 
Forest Management Approaches (FMAs) and the main silvicultural systems associated with FMAs.  
Basic principles by FMA intensity scale 






















natural vegetation  
Native or site 
adapted species 
Tree species 
suitable for the  
site 
Tree species 








No Not genetically 
modified or derived 
from tree breeding 
programmes 
Planting material 
can be derived 
from tree breeding 
but not genetically 
modified 
Planting material 
can be derived 
from tree breeding 
but not genetically 
modified 
Planting material 
can be derived 
from tree breeding 
or produced via 
genetic 
modification 
























Yes Yes Temporarily No No 
5. Machine 
operation 
No Extensive Medium Intensive Most intensive 
6. Soil cultivation No No 








7. Fertilisation / 
Liming 











8. Application of 
chemical agents 
No No Possible as a last 
resort 
Possible Possible 
9. Integration of 
nature 
protection 
High High High Medium Low 
10. Tree removals No Stem 
(solid volume) 
Stem and crown 
(solid volume) 
Up to whole tree Whole tree and 
residues 




No Mimics natural 
disturbances: 
















clear fell (shorter 
rotation) 
12. Maturity No intervention Long rotation 
length 
≥ age of max. MAI 
or target diameter 
according to tree 




≈ age of max. MAI 
or target diameter 
according to tree 




≈ age of max. 
financial return  
(low interest rate) 
Shortest rotation 
length 
≤ age of max. MAI 
or ≈ age of max. 
financial return 
(high interest rate) 
† In this decision element, the definitions might need to be adjusted in future if the principle of genetic modification became 
more widely accepted in forestry. For example, planting stock produced through genetic modification might be accepted in 
‘Intensive even-aged forestry’. ‡ Devastated soil = soil that needs measures to get in an acceptable condition. 
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The Bialowieza National Park reserve in Poland exemplifies the Unmanaged Forest 
Nature Reserve FMA for which the main objective is to allow natural processes and 
natural disturbance regimes to develop without human intervention (Appendix a). The 
next FMA along the intensity scale, Close-to-Nature, is represented by the European 
beech management practiced in Baden-Württemberg, Germany (Appendix b) where the 
emphasis on use of native species, natural regeneration, limited site disturbance and no 
chemical inputs are all characteristic of this FMA. However, the intensity of timber removal 
in this approach is more characteristic of ‘combined objective forestry’, which is here 
exemplified by the management of mixtures dominated by Norway spruce forests in 
Sweden (Appendix c). In the latter case site preparation, machine operation and final 
harvest are more intensive than would be expected while fertilisation is less intensive. In 
Scotland, the management of Sitka spruce forests is generally representative of intensive 
even-aged forestry, but there are components such as the acceptance of successional 
elements and the provision for nature protection which are indicative of less intensive 
FMAs (Appendix d). Finally, eucalyptus stands in Portugal grown on short-rotation under 
coppice regimes represent one of the most intensive levels of management found in 
European forests (Appendix e). 
II.6 Discussion 
 
In this paper, a framework is presented which classifies of forest management according 
to the degree of interference with natural processes resulting from the silvicultural systems 
employed. Based on this framework, five forest management approaches (FMAs) have 
been defined along a gradient of management intensity. This framework defines forest 
management intensity as the manipulation of natural processes (i.e. along an ecological 
axis) but at the same time includes cost and yield objectives in the classification scheme 
(i.e. along an economic axis). This allows grading and comparison of various types of 
forest management with different objectives both between and within regions. The 
gradient of management intensity covered by our framework is illustrated through the 
application to five case studies (Fig. 1). 
The intensity of forest management is often either described using economic or ecological 
considerations. In managerial economics, intensity addresses the extent to which the 
production factors such as soil, labour, energy and capital are utilized (Martin 1991). The 
intensity is set in relation to the management objectives to define the optimal input of 
production factors. On this basis, classes in forest management intensity were defined in 
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relation to net-return criteria (Speidel et al. 1969) and production costs have been used as 
a measure to evaluate management intensity (Arano and Munn 2006). These proposals 
imply that management intensity primarily reflects the productive function of forests while 
other non-market goods and services only justify maintenance of management costs not 
covered by wood sales (Kroth et al. 1969). This has provoked discussion whether the 
approach is acceptable for long-term forest planning (Möhring 1969, Speidel 1969, 
Dummel 1970). Further, because production costs are the product of a production factor 
price and the utilized factor quantity, they are of limited use if intensity is to be defined in a 
wider operational dimension (Sagl 1990). Forest management implies purposeful 
manipulation of stand and site which can result in a changed ecosystem. The more 
natural conditions are controlled and modified through operational processes, the more 
intensive a management approach might be considered. Various factors such as 
controllability, the amount of usage (i.e. extracted volume of biomass) and the degree of 
modification of natural conditions required to achieve management objectives differentiate 
approaches in forestry (Seymour et al. 1999, Pro Silva 1999, Gamborg and Larsen 2003) 
or serve to group forested areas (MCPFE 2003c). Where the classifications along the 
economic axis focus on the productive function, the classifications along the ecological 
axis tend to focus on the protective functions of forests and are usually policy driven. Our 
framework combines both considerations through the formulation of critical decisions 
(Table 1) and basic principles (Table 2) and thus allows grading and comparison of 
various types of forest management with different objectives as illustrated with five case 
studies. 
The selected case studies (Fig. 1) describe management based on the manipulation 
intensity associated to each basic principle. As a result, a silvicultural system is classified 
under a particular FMA depending on how the basic principles are distributed across the 
gradient of management intensity. Moreover, the distribution of basic principles across the 
intensity gradient shows the separation between FMAs and also indicates the possibility of 
conversion between FMAs. If management objectives for a forest change, then the 
balance of the various decisions and elements (Table 1) used to determine which FMA is 
prevalent in a given forest may also be affected. Therefore, over time, the classification of 
a forest may alter from one FMA to another, for example, if Norway spruce forests 
managed under FMA 4 are converted to close-to-nature forestry due to ecological 
considerations (e.g. Kulhavý et al. 2004). In such cases a transition period should be 
defined and the length of time required for this transition will vary with forest type and 
region. The duration of this period is likely to be longer when moving between FMAs that 
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are wide apart on the intensity scale (Table 2) than for those that are close together. For 
example, even under favourable conditions, conversion of an existing forest to close-to-
nature forestry requires decades (Spiecker et al. 2004). Less flexible situations (e.g. 
forests in areas with a high risk of fire or wind damage) often limit the conversion of older 
stands and more natural stand structures cannot be developed before the regeneration 
phase of the next generation of stands. It is generally quicker to implement a move to a 
more intensive FMA than the reverse because aspects such as the establishment of 
young trees are faster when achieved through cultivation and planting than through 
natural regeneration. 
The identification of five different FMAs offers greater flexibility in evaluating impacts of 
forest management on sustainability indicators than is the case when using the Triad 
zonation approach (Seymour and Hunter 1999) whereby forests are separated into 
protected areas (equivalent to our FMA 1), multifunctional areas under ecosystem 
management (FMAs 2 and 3), and intensive plantations (FMA 4 and 5) (see Table 3). The 
value of this framework is underlined by comparing the forestry principles proposed by the 
European federation of foresters who advocate forest management on natural processes 
(Pro Silva 1999) against our decision criteria. Their preference for “responsible forest 
management following natural processes” would be graded as a ‘low’ intervention forest 
management approach according to our framework, although some operations of 
‘medium’ intensity occur. 
It is also possible to relate our FMAs to other forest classification systems developed by 
European conservation and environment agencies. For instance, the FMAs can be 
compared to the five classes of protected and protective forest and other wooded land in 
Europe (MCPFE 2003c) (see Table 3). MCPFE Class 1 covers areas with “Biodiversity” 
being the main management objective and has three subclasses according to the 
restrictions on intervention. The first two subclasses 1.1 and 1.2 with no active and 
minimum intervention match our passive ‘unmanaged forest nature reserve’ FMA. MCPFE 
subclass 1.3 with active interventions to achieve specific conservation goals only 
excluding silvicultural measures detrimental to the management objective might be 
assigned to our low intensity ‘close-to-nature’ approach. For a proper assignment of 
MCPFE-Class 2 “Protection of Landscapes and Specific Natural Elements” and Class 3 
“Protective Functions” to FMAs, the specific conservation goal of the protected area needs 
to be known. However, judging by the definitions, MCPFE Class 2 still relates to our 
’close-to-nature’ approach while the ‘combined objective’ FMA might well maintain the 
protective functions characteristic of MCPFE Class 3 through combination of protection 
 Development of forest simulation tools for Eucalyptus in Portugal  
 
Susana Barreiro, 2011 | Chapter II 27 
 
and timber production in a holistic, integrative concept (Parviainen and Frank 2003). While 
not coping with the detail of subclasses in the MCPFE system, our FMAs are compatible 
with the major MCPFE Classes and have the advantage of going beyond that 
classification system to include production forestry. 
 
Table 3. Comparison of MCPFE Classes of protected and protective forest and other wooded land 
in Europe , Forest Management Approaches (FMAs) and separated forest areas according to the 





(main management objective) 




    1.1 “No Active Intervention”  
 
 
FMA 1: Passive – Unmanaged 
forest nature reserve 
 
Protected areas 
     1.2 “Minimum Intervention” 
 
    1.3 “Conservation Through Active 
Management” 
 
FMA 2: Low - Close-to-nature 
forestry 
 
Multifunctional areas under 
ecosystem management 
 








No equivalent MCPFE classes defined FMA 4: High - Intensive even-
aged forestry 








Seymour and Hunter 1999 
 
Because FMAs are defined by their objective and basic principles, there is some flexibility 
to allow adaptation to local situations within one FMA. Since FMAs are arranged along an 
ordinal scale they allow reasonable categorizing of forest management intensity but do not 
provide a measure for absolutely quantifying the magnitude of interference with natural 
processes nor the effects on ecological services. Inevitably, there is some overlap 
between FMAs as an examination of the framework used to evaluate the case studies in 
Fig. 1 has shown. If, in a hypothetical example, the allocation of decision criteria appears 
to be evenly split between one FMA and another, then we suggest that a more detailed 
examination of the subsidiary elements listed in Table 1 will allow allocation to the most 
appropriate FMA. Nevertheless, with the current state of forest resource and ecology 
modelling this flexible framework can enable comparison of different forest management 
approaches at a single stand or landscape level or of the same FMA in different forest 
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types or regions, and with evaluation of potential effects over time. This comparison can 
not only involve economic production, but can also consider ecological criteria like 
biodiversity, water quality and carbon stocks (Duncker et al. submitted), the recreational 
use of the forest (Edwards et al. submitted), or the risks from hazards like biological pests, 
fire or windthrow (Jactel et al. submitted). Furthermore this methodology can provide a 
uniform framework for quantifying forest management in European wide forest resource 
models (Hengeveld et al. submitted). By combining the use of one management objective 
and one set of basic principles within one FMA with the flexibility of applying silvicultural 
operations that are specific to local circumstances and traditions, the framework of FMAs 
proposed in this paper is expected to provide a useful tool for facilitating communication 
between forestry policy and practice. For instance, Mason et al. (2009) have used this 
methodology to explore the implications of current forest policy in Great Britain upon 
future carbon sequestration and carbon stocks in British forests. Pizzirani et al. (2010) 
employed the framework to explore the effect of four different scenarios upon the 
management of Scots pine forests in northern Scotland and the consequent effects upon 
a range of sustainability indicators. 
 
II.7 Conclusions 
Forest management approaches can be characterized based on an objective and a set of 
basic principles reflecting decisions on operations that occur at various stages during the 
development of a stand. The FMAs form a gradient that reflects the intensity of 
manipulation of natural processes and structures, so that the methodology can be applied 
flexibly to classify a range of regional examples as shown here for diverse European 
forest management approaches. The five FMAs defined in this paper provide an extension 
of the MCPFE forest classes by including more intensive forest management strategies. 
They can be applied for evaluating existing forest management strategies, for comparing 
the effects of different silvicultural options on stand or landscape levels, or can be used for 
facilitating communication between forestry policy and practice. 
The case studies selected illustrate the value of the FMA framework when it comes to 
discriminating between contrasting silvicultural systems. Nevertheless, to demonstrate the 
wider applicability of this method, further tests of the FMA classification should be carried 
out. The wider relevance of this classification will only be confirmed after being trailed in a 
wider range of European countries and silvicultural systems, as well as being used for 
within-region comparisons.  
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II.9 Appendix 
A. Forest nature reserve in Białowieża National Park, Poland 
This description corresponds to the best preserved fragment of forest in Białowieża 
National Park in North-Eastern Poland, which is under strict protection. The beginning of 
Białowieża National Park can be traced back to 1921, when the “Reserve” forest was 
created at the place currently occupied by the Park. In 1932, this “Reserve” was 
transformed into "National Park in Białowieża” and in 1947 this unit was reinstated as 
Białowieża National Park by an ordinance of the Cabinet1. The Białowieża National Park 
covers the last natural forest in the European lowlands which retains a primeval character, 
with stands characterized by large amounts of deadwood at various stages of 
disintegration and very high biodiversity of plants and animals. According to the 
“Ordinance of the Cabinet about Establishment of Białowieża National Park, 1947”, the 
main objective of an unmanaged forest nature reserve is to allow natural processes and 
natural disturbance regimes to develop without management intervention to create natural 
ecological valuable habitats and biodiversity, in the last primeval forest in lowland Europe. 
Furthermore it serves as a field laboratory for basic and applied research. 
Tree species selection, genetic engineering, regeneration type, and succession elements 
According to the “Ordinance of the Cabinet about Establishment of Białowieża National Park, 
1947” in an unmanaged forest nature reserve under strict protection no management to favour 
particular tree species takes place. The forest is naturally regenerated. 
Machine operation, soil preparation, fertilisation and liming 
There is no machine operation, soil preparation, fertilisation and liming. 
Application of chemicals or protective agents, integration of nature protection 
There is no application of chemicals or protective agents. Maintenance of undisturbed nature has 
the highest priority. 
Tree removals, final harvesting system, and maturity 
There are also no tree removals. 
According to the strict protection by the ordinance of the Cabinet Białowieża National Park 
is to be classified as an unmanaged forest nature reserve (see Fig. 1.a). 
                                               
1
 Rozporządzenie Rady Ministrów z dnia 21 listopada 1947 r. o utworzeniu Białowieskiego Parku Narodowego 
(Dziennik Ustaw Nr 74, pozycja 469) - (Ordinance of the Cabinet of 21. November 1947 establishing the Białowieża 
National Park (Official Gazette No. 74, item 469)) 
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B. European beech management in Baden-Württemberg, Germany 
The following description of current management of European beech refers to the forest 
type “European beech forest with coniferous admixture” of the corresponding regional 
directive (Landesforstverwaltung Baden-Württemberg 1999) in Germany. This forest type 
is widely distributed in the sub-mountainous temperate zone of Baden-Württemberg. 
European beech (Fagus sylvatica) grows naturally on most sites in the region, except on 
organic or heavy clayish soils, sites with highly fluctuating water availability, wet sites, 
floodplains and steep sites with moving rocks. Current beech forests are said to represent 
the natural forest vegetation and can be assigned to the climax forest communities of 
Galio- and Lonicera-Fagetum (Ellenberg 1996). Here, beech is highly competitive, thus 
admixed tree species only compete outside the natural range of beech. 
The long-term forest development objective is semi-natural, well structured European 
beech stands with significant admixtures of conifers (20-50 %) and limited amounts of 
other broadleaved species (0-20 %). The admixed tree species are distributed either as 
single trees or in small groups. On small areas the stand structure is multi-storied during 
the regeneration phase. Apart from this, where not dominant itself, beech can form an 
understory under the conifer admixture. Beech trees and the partly pruned conifers 
produce valuable stem wood. The target diameter for European beech is 60cm or more 
depending on stem quality and the risk of economic losses through red heartwood 
formation. 
Tree species selection, genetic engineering, regeneration type, and succession elements 
European beech is only favoured on adequate sites where it generally is part of the potential 
natural vegetation. Most European beech stands are naturally regenerated with planting on spots 
where no sufficient regeneration is available. If there is insufficient natural regeneration, beech is 
planted at a spacing of approximately 2x1 m (~5000 seedlings/ha) with additional planting of site 
adapted mixed species in patches (~20%). The planted material may originate from seed stands. 
Currently no genetically improved material is being used. Admixed tree species and especially 
light demanding ones are to be maintained in the stand. 
Machine operation, soil preparation, fertilisation and liming 
The directive does not discuss site cultivation, fertilization or liming. However, it is mentioned that 
soil fertility is well preserved under mixed beech stands. Again, machine operation is not directly 
addressed in the directive. Vehicle movement is restricted to racks with a minimum distance apart 
of 20 or 40 m depending on soil vulnerability. 
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Application of chemicals or protective agents, integration of nature protection 
Forest protection is regulated by the forest law and plant protection act and not by the directive 
itself. Within the rationale of integrated plant protection approach the application of protective 
chemical agents is seen as a last resort. The directive requires maintenance of the forest 
community with site adopted flora and fauna. 
Tree removals, final harvesting system, and maturity 
After selection of 60 - 80 future crop trees per hectare, when natural pruning reaches 25-35% of 
expected final tree height, the main competitors (1-3) for these trees are removed in 5- to 10-year 
intervals with no more than 80 m3 ha-1 removed per thinning. Even though this is not stated in the 
directive, generally only solid wood is removed. The rotation length is chosen according to target 
diameter and is not defined by age. According to the growth dynamics and the risk of red 
heartwood formation, production time might be in the range of 80 to 150 years. The final felling 
system is mostly harvesting trees that have reached the target diameter, or uses group cuttings in 
order to promote natural regeneration. 
Management recommendations for European beech can be classified as “low intensity 
category” with some “medium intensity” measures (see Fig. 1.b). 
 C. Norway spruce management in the county of Västerbotten in Sweden 
The following description of Norway spruce management refers to the forest type “Mixed 
forests dominated by Norway spruce," i.e. where more than 70% of growing stock consists 
of Norway spruce (Picea abies [L.] Karst.). Other common tree species in the mixed forest 
are birch (Betula pubescens or B. pendula) and Scots pine (Pinus sylvestris). About 22% 
of the forest area corresponds to this type. Norway spruce grows naturally on most sites 
except on dry soils dominated by lichens and on mires. The main objective is to produce 
wood to obtain a good profit. Additional objectives are typically water protection, habitat 
protection, nature protection, and recreation. The magnitude and importance of additional 
objectives depends on the local situation. 
Tree species selection, genetic engineering, regeneration type, and succession elements 
The preferred methods of regeneration are planting of Norway spruce after clear-cut or natural 
regeneration with a shelterwood system. Normally, the planting material is genetically improved 
but not genetically modified. The number of plants depends on site index but on average about 
2000- 2500 per ha. Birch and/or pine seedlings almost always occur on the regeneration sites. 
Biological legacies and natural biotopes should be promoted inside the stands. If necessary, pre-
commercial thinning is carried out to reduce the number of trees at 1.5 - 4 m medium height. 
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Machine operation, soil preparation, fertilisation and liming 
Machine operations are not limited, as long as they do not harm the environment. Site cultivation 
is applied to sites when necessary. Fertilization can be an option, but is not widespread. 
Tree removals, final harvesting system, and maturity 
The rotation period of a stand is chosen by the potential natural vegetation as well as economic 
interests. Additional to this, the Swedish Forestry Act (Skogsstyrelsen 2010) has a lowest 
allowable clear-cut age depending on site index and geographical location. The final harvest 
system is preferably clear-cut or a combination of shelterwood and clear-cut if natural regeneration 
is preferred to reduce the costs of reforestation. 
Summarizing, the management recommendations result in “medium intensity” measures 
(see Fig. 1.c). 
D. Sitka spruce management in Scotland  
The forest area of Scotland comprises about 1.4 M ha of which some 530,000 ha is 
composed of forests of Sitka spruce (Picea sitchensis (Bong.) Carr.). These plantation 
forests are fast growing in European terms with an average productivity of 14 m3ha-1yr-1 
and better sites yielding more than 20 m3ha-1yr-1. All forests are managed to conform to 
principles of sustainable forest management with a commitment to meeting multi-purpose 
objectives (McIntosh 1995). In practice, the balance between timber production, 
conservation, recreation and amenity will depend upon local conditions. Stands are 
generally managed so that pulpwood and small roundwood is produced in early thinnings 
while sawtimber is provided by later thinnings and final fellings. 
Tree species selection, genetic engineering, regeneration type, and succession elements 
The commonest method of regeneration is by planting at density of 2500-2700 trees ha-1. About 
20 per cent of other species are planted along with Sitka spruce to increase diversity (Mason 
2007). Genetically improved material derived either from seed orchards or from propagation of 
controlled cross mixtures, is widely planted and is expected to give increased timber yields over 
first generation stands (Moore et al. 2009). No genetically modified material is planted. Natural 
regeneration of spruce, pine, larch and various broadleaves is accepted when it occurs but the 
other species rarely survive beyond canopy closure because of the fast growth of the spruce 
stands. Re-spacing (pre-commercial thinning) is carried out in dense natural regeneration when 
trees are 2-3 m tall. 
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Machine operation, soil preparation, fertilisation and liming  
Machine operation is not limited provided the guidance on soil conservation and maintaining water 
quality is observed. Site cultivation is standard practice when replanting occurs while fertilisation is 
much reduced compared to the earlier afforestation phase (Mason 2007). No liming is carried out. 
Application of chemicals or protective agents, integration of nature protection. 
Under the certification process, there is an aim to reduce levels of chemical input to the forest 
system but the use of chemical herbicides and pesticides is permitted where no practical cost-
effective alternatives exist (Willoughby et al. 2004). Conservation considerations are incorporated 
through the forest design process (McIntosh 1995). 
Tree removals, final harvesting system, and maturity  
The customary rotation period is between 35 and 50 years depending upon site productivity and 
the risk of windthrow. A non-thin regime is used on more exposed sites: elsewhere 3-4 
intermediate thinnings are carried out on a 5-year cycle followed by clear felling. In some locations 
of high amenity or recreational value, attempts are being made to introduce continuous cover 
forestry into the management of Sitka spruce forests. 
Summarizing the management measures (see Fig. 1.d) suggests that most are of high-
moderate intensity although there are current tends to reduce the intensity. 
E. Eucalyptus management in Portugal 
Eucalyptus (Eucalyptus globulus) is an exotic species that grows exceptionally well in 
Portugal. Eucalyptus is a fast growing species for which the maximum net increment 
occurs before the age of 5, although high productivities do not persist for a long time 
(Soares et al. 2007). Most of the stands are planted and plantations are mainly managed 
as short-rotation coppice systems, with an average cutting cycle of 10- to 12-years to 
benefit from its productivity. The main objective is to produce high quality wood for pulp 
and paper production. 
Tree species selection, genetic engineering, regeneration type, and succession elements 
Eucalyptus first rotation stands are usually planted with a density of 1250 seedlings per ha. A 
beating up operation is performed 6 months after planting to replace dead trees (15%). Its fast 
growth rate makes this species quite competitive and intolerant to succession elements, which 
reduces the regeneration of natural vegetation resulting in pure even-aged stands. Due to this 
species high coppicing ability, a first cycle of planted seedlings is usually followed by 2 to 3 cycles 
of coppiced stands. To increase productivity, improved genotypes resulting from tree breeding can 
be used and genetically modified material may be used in the future. 
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Machine operation, soil preparation, fertilisation and liming 
There is a set of mechanised silvicultural operations that are performed. Whenever replanting is 
considered, stump removal and harrowing for woody debris incorporation are performed. Site 
preparation can be carried out through harrowing, ploughing or ripping operations. It is common to 
fertilize at planting with a NPK slow release fertilizer plus a phosphorus fertilizer. Additional 
mechanical fertilizations with NPK fertilizer can take place when the soil proves to be deficient in 
some specific nutrient(s). One or more mechanical weed control operations can be done in order 
to eliminate competition and decrease the risk of fire. Usually, weed control and mechanical 
fertilizations are done at the same time in a single operation reducing costs and compaction 
problems caused by machine movement on forest soil. In high fire risk areas weed control can be 
more frequent and/or more intense forest and building of forest roads’ conducted to improve 
access. 
Tree removals, final harvesting system, and maturity 
In coppice stands, the number of sprouts per stool is reduced down to 1.2 to 1.6 by motor-manual 
cutting of shoots selected according to the intensity of mortality occurred in the transition from 
planted to coppice stands. Management is conducted in order to minimize the effects of natural 
hazards: stands showing any sign of being infected with any pest or disease may be submitted to 
chemical/biological control, pruning (after intense night frosts and/or Botrytis cinerea attacks) or 
even pre-commercial thinning (after insects or fungi attacks), Normally, only cut stems are 
removed from the stand although the extent of components extracted in thinning and final harvest 
operations can go up to the whole tree. A clear-cut is carried out at the age of 12 years producing 
400-600 m3 ha-1. The size of the clear felling area depends upon the landscape. 
The basic principles behind the current forest management of planted and coppice 
Eucalypt stands are very similar, differing only in the type of regeneration and in specific 
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SIMPLOT: Simulating the impacts of fire severity on sustainability of 
eucalyptus forests in Portugal 
Chapter III 
III.1 Abstract 
SIMPLOT is a forest simulator for eucalyptus mainly driven by wood demand. It was 
developed to predict the evolution of the eucalyptus plantations in Portugal by combining 
forest inventory data with growth models taking into account the effect of different drivers 
such as wood demand, hazards occurrence and percentage of land use changes. The 
use of simulators for scenario analysis can be a powerful tool to explore policy options 
and to illustrate the consequences of different management alternatives. In the past years 
Portugal has been marked by extremely severe forest fires of great environmental impact. 
This paper shows simulation runs for two main scenario lines: the wood demand line and 
the wildfires line. In the first one, the simulator is used to identify a reasonable wood 
demand out of three different wood demands combined with a low/medium intensity fire 
scenario. The selected wood demand combined with three fire scenarios of increasing 
severity and a fourth one disregarding the existence of recent severe wildfires builds the 
second scenario line. The purpose of this study is to evaluate the impact of different 
magnitudes of forest fires occurrence on the sustainability of eucalyptus plantations 
starting with NFI data gathered in 1997 during a horizon of 28 years. The simulations 
reflect a constant level of afforestation and deforestation and assume that no changes 
took place between different management alternatives. These simulations provide some 
insight on the impact of different wood demand and different magnitudes/frequency of 
severe wildfires: it is not only the number and magnitude of severe wildfires that make a 
difference, but it is also the number and magnitude of medium wildfires that follow an 
extremely severe one. Furthermore, the inter-annual variability of wildfire occurrence 
affects carbon stock and carbon sequestration in a different way. The occurrence of 
severe wildfires has an immediate effect on carbon sequestration. The lower values are 
registered in the same year in which the most severe wildfires occur. On the other hand, 
the occurrence of severe wildfires has more permanent consequences on carbon stocks 
than on carbon sequestration. The more severe and numerous are the wildfires the more 
difficult will be to recover the carbon stocks in the forest. Results have also shown that if a 
higher wood demand compatible with the expected increase of pulp industry capacity 
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would have been considered this would have had drastic impacts on eucalyptus forest 
sustainability due to overharvesting in order to meet the desired wood demand. 
III.2 Introduction 
Forests have always been used with multiple purposes, although in the latest years 
expectations concerning forest use have increased. Profitable wood production is no 
longer forestry’s main purpose, which has led to changes in forest management. At 
present, finding an acceptable balance between different forest uses has become a 
challenge for forest managers. Carbon sequestered in trees and in forest soils is one of 
the most important services expected from forests. Another paradigm that forest 
managers have to face nowadays is that different forest management alternatives along 
with climatic changes are expected to have significant impacts on forest growth. 
In Europe, large-scale scenario simulators have been developed to evaluate the impacts 
of changes in forest management and environmental conditions at national level (Lämås 
and Eriksson 2003, Lindner and Cramer 2002, Eid et al. 2002, Nuutinen and Kellomäki 
2001, Hoen 1996, Lundström and Söderberg 1996, Sallnäs 1990). There is also the 
EFISCEN, a large-scale matrix transition model developed to be used at European scale 
(Pussinen et al. 2001). This model is the tool used by the European Forest Institute (EFI) 
to predict European forest tendencies based on input information individualized by country 
(Schelhaas et al. 2004; Nabuurs et al. 2003). 
These simulators are used to assess future forest resources combining growth models 
that use forest inventory data as input under the assumption that the uncertainty in forest 
growth is small and forest management remains the same (Mohren 2003). 
Even though a wide variety of forest products and services are expected from forests, 
wood availability in the long-term is still considered to be a problem. According to Nabuurs 
et al. (2006) this concern is driven by a set of factors such as an expected increase in the 
demand for pulp and paper, together with a larger increase in consumption in certain 
Central European countries, as well as new trends in forest management resulting from 
nature oriented forest management tendencies, EU policies on energy (extra demand for 
bio-energy uses) and the Kyoto Protocol. Forest simulators provide examples of what can 
happen in reality being able to guide decision making either in research or management. 
Technical studies focusing on timber supply and carbon stocks have been made, although 
not taking into account value driven aspects of forest management strategies that might 
allow achieving comprehensive scenarios for future developments (Mohren 2003). The 
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need to include more detailed forest functions might lead to the development and use of 
more complex ecosystem models capable of dealing with changing environmental 
conditions, for instance. On the other hand, including this kind of information becomes 
complicated because simulation with complex models is time consuming and a large 
number of runs may be requested. 
The objective of this paper is to describe SIMPLOT, a regional simulation tool (not 
spacialized) developed for eucalyptus in Portugal with the ability to integrate multiple 
influential factors within a single framework. Regional simulators are focused on the 
simulation of a large region based on forest inventory data, without individualizing each 
stand, whose outputs are usually given by forest type, but focused on the whole region 
(Tomé et al. 2008). SIMPLOT is designed for large-scale and long-term analysis being 
suitable for assessments of the future state of the forest under assumptions of future 
wood demand, hazards occurrence and land use changes. By allowing simulations under 
alternative scenarios it provides flexibility for improved regional modelling. The simulator 
potential users can be grouped in pulp and paper industries, broader public communities 
that may include landowners’ associations, politicians in organizations such as local and 
regional governments and academic and scientific communities composed of people in 
universities and research institutions. These different groups can use SIMPLOT as a tool 
in decision making. Simulation results do not necessarily need to be used in quantitative 
terms; in many cases, they can be used as guides in a way to explore different options 
and alternatives (Landsberg 2003). 
Given the numerous targets that can be pursued in forest management, there is a large 
number of possible alternatives that could be considered. Thus, for simplification, under 
the scope of the EFORWOOD project (EU FP6 EFORWOOD-IP project contract 518128), 
five forest management alternatives (FMA) were considered. The FMAs can be arranged 
along a two axis gradient of management intensity with wood/biomass production on one 
side and non-wood goods and services on the other. Biomass production is considered to 
be the most intensively managed FMA, while non-wood goods and services become more 
important as one moves towards the unmanaged forest reserve FMA, passing through: 
intensive even-aged forestry, combined objective forestry and close-to-nature forestry 
FMAs (Chapter II). Since eucalyptus is not a native species in Portugal, unmanaged 
forest nature reserves and close-to-nature forestry were not considered possible FMAs for 
this species. Combined objective forestry was not considered either. 
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The objective of this paper is to evaluate the impact of different magnitudes of forest fires 
occurrence on the sustainability of eucalyptus plantations based on the results of a forest 
regional simulator using NFI data gathered in 1997 as input. Sustainability of the 
eucalyptus forest is assessed by standing stock (volume and biomass) and by C 
sequestration. 
III.3 Materials and Methods 
III.3.1 Concept and structure of the simulator 
SIMPLOT has been conceived to simulate the development of all the eucalyptus stands in 
a region, providing as output several forest characteristics and sustainability indicators. 
When running the simulator for different scenarios, it starts with forest inventory 
information at plot level to characterize the forest resources in a region. Once forest 
resources have been characterized for the first year of simulation, it uses forest growth 
models to predict long-term development of forest resources in the region taking into 
account the influence of a certain number of external variables - the drivers: wood 
demand, hazards occurrence, land use changes and management alternatives’ changes. 
The basic simulation unit is a ‘‘fictitious’’ stand from here on designated by stand. Each 
stand has the characteristics of a NFI plot and represents an area corresponding to the 
total area of eucalyptus stands in the country divided by the number of NFI plots that 
coincided with eucalyptus stands. Mixed stands are taken into account splitting the stand 
area among the species accordingly to the ratio between the volume per hectare of the 
eucalyptus in the stand and the total stand volume per hectare, thus obtaining a stand 
area equivalent to the area of a pure stand. This assumption seems reasonable due to the 
small representativeness of mixed stands with low proportion of eucalyptus. The stand 
can be divided in as many parts as desired in order to adjust the area to which harvest, 
fire and forest operations are applied. 
There are different types of input files: 
Base year plot input file - characterizing the forest resources for the first year of 
simulation. 
 - Simulation parameters input file - giving the values for several 
parameters/variables used in the simulations. 
 - Scenario input file - describing the total amount of each driver for the scenario to 
be simulated. 
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- FMA input file - describing the different forest management alternatives and 
respective options. 
- Economy input file - listing costs and prices.  
The base year plot input file contains the list of forest inventory plots to be simulated. The 
file structure requires descriptive information on each plot as well as the stand variable’s 
information listed in Table 1 (principal variables). All these variables can be predicted in 
the initialization module. 
 
Table 1. List of stand variables needed as input for the simulator. 
Stand variable information 
hdom dominant height (m) 
Nst Number of trees (ha
-1
) in planted stands and number of stools in coppice stands 
N Number of sprouts  in coppice stands (Nst=N in planted stands) 
G Stand basal area (m
2
) 
















Fig. 1 illustrates the structure of the simulator. It starts by running the growth module for 
all the stands at year j in order to update forest resources to year j+1. After growth has 
been updated the fire module runs and analyses all the stands in order to decide if they 
burn. Stands will burn according to a probability function until the Afire defined in the 
scenario file is met. The amount of wood to be used by industry is ‘‘stored’’ in a V_harvest 
variable. The harvesting module is the next one to run. A stand can be harvested or not 
according to a probability (P_harv) depending on stand age and type defined in the 
simulation parameters file. If harvesting takes place the volume will be ‘‘stored’’ in the 
V_harvest variable. 
After each stand is analyzed by the harvest module, V_harvest will be compared to the 
wood demand and in case it is greater or equal, the simulator is ready to move to the next 
year of simulation j+1. Before moving to the next year, the simulator runs the land use 
changes module (LUC) comprising both the afforestation and deforestation modules 
which will plant and abandon as many stands as the total amount of afforestation and 
deforestation defined in the scenario file. The last module to run is the forest management 
alternatives (FMAs). This module defines the percentage of changes that occur from 1 
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year to another between different management alternatives/options. Both the fire and the 
harvest modules produce harvested volume. Part of this volume is intended to Industry, 
while part of it is not. In case the industrial harvested volume is greater than the wood 
demand, the exceeding volume is stored to be used in the next year of simulation. 
 
 
Fig. 1. Simplified structure of the simulator. The NFI box represents the base year plots’ input file 
while the scenario box represents the scenario input file. The next level of boxes deriving from the 
scenario input file show the total amount of each driver needed as input for each of the drivers’ 
modules. The arrows indicate the order by which each of the modules run: first the growth module 
followed by the modules corresponding to the drivers. 
 
The simulator has 3 types of outputs: output of sustainability indicators per year 
(output_year.prn), output of area distribution per age class and year (output_clt.prn) and 
output per plot and year (output_plot.prn). 
The main output is given in the file output_year that encloses the simulation results. It 
allows to compare the volume of wood that is planned to be harvested in each year (total 
amount of wood demand) with the total volume that was available to be harvested in that 
year under the user defined restrictions (the actual harvested volume). It shows the total 
standing volume before and after running the drivers’ modules and the total volume 
harvested due to fire occurrence as well as equivalent information regarding biomass can 




Year j=1        
Stand i=1,...n    NFI




% of  
Deforestation
% of Changes 
Between  FMA’s




Stand i=1,...,n Stand i=1,...,n Stand i=1,...,n
Growth HarvestFire LUC FMA’s
Industrially                                                                                   
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Non-used  
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Year j+1
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forest area before and after running the drivers’ modules, the area that corresponds to the 
actual harvested volume and the area that was burnt per year as well as other 
sustainability indicators such as those related to C stock and C sequestered in the 
trees/stands, production costs and wages and salaries. The output_clt file includes the 
area distribution per age class and contains the existing forest area allocated to 1-year 
age classes. This output is an area transition matrix that illustrates the evolution of forest 
area between different age classes along the simulation period. 
The output_plot file allows tracking the history of each stand throughout the simulation 
period by analyzing the values of several stand variables. 
III.3.2 Simulation parameters, drivers and scenarios 
Simulation runs depend on a series of parameters that can be modified by the user. The 
parameters include the first year of simulation, the number of years to simulate and other 
information needed to run the different modules. Top-diameter (TopDiameter) considered 
in the computation of merchantable wood and the percentage of death occurring between 
rotations (%deathRot) are simulation parameters of the growth module. The fire module 
simulation parameters are the minimum age that allows the industrial use of trees after a 
fire (tminFire) and the percentage of salvage wood used by the industry (%UseFire), while 
the parameter for the harvest module is the minimum age that allows a stand to be 
harvested (tminHarv). The percentages of non-industrial stands (%HarvNI) and uneven-
aged stands (%HarvUEA) that can be harvested are also simulation parameters that can 
be user defined. The probability of an even-aged stand to be harvested (P_harv) is 
defined as a function of age and stand type, while the probability of a stand to be 
abandoned (P_aband) is function of stand productivity. 
The influence of the drivers is expressed through the scenario described in the input 
scenario file. The simulator comprises four types of drivers: (i) the wood demand which 
has implications on the amount of harvest per year; (ii) the occurrence of hazards that 
takes into account the burnt area per forest type; (iii) the land use changes (LUC) to and 
from forest use representing the afforested area per year and the deforested area per 
year and (iv) the percentage of change between different forest management alternatives 
and or options. 
The implementation of the drivers takes into account two main points: the total amount of 
each driver and the probability of occurrence of the event for each stand. The driver’s total 
amount for each year can be given as an area, a volume or a proportion of an existing 
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area, whereas the probability of occurrence of the event is estimated according to a fixed 
probability (simulation parameter) or a probability function and implemented with Monte 
Carlo simulation. In case the event occurs, the simulator takes a specific action depending 
on the event. 
The simulator is organized in different modules and the scenario file contains the input 
information per year to run the modules for the drivers: the total amount of area expected 
to burn (Afire), the total amount of volume that has to be harvested (V_harvest) so that the 
wood demand will be met, the total amount of new planted areas (AnewPlant) and the 
total amount of abandoned areas given as a proportion of the eucalyptus forest area 
(%LandChange). The file has the structure shown in Table 2. 
 
Table 2. Structure of the scenario input file for the SIMPLOT simulator for a simulation period of 15 
years. 
Year VHarvest AFire ANewPlant %LandChange 
1997 3524 4817 4800 0,0012 
1999 3891 2353 4800 0,0012 
2000 3985 7326 4800 0,0012 
2001 4222 4837 4800 0,0012 
2002 4618 6954 4800 0,0012 
2003 5312 30526 4800 0,0012 
2004 5593 6054 4800 0,0012 
2005 6083 20000 4800 0,0012 
2006 5938 7000 4800 0,0012 
2007 5938 7000 4800 0,0012 
2008 5938 7000 4800 0,0012 
2009 5938 7000 4800 0,0012 
2010 5938 7000 4800 0,0012 
2012 5938 7000 4800 0,0012 
2013 5938 7000 4800 0,0012 
 
The hazards occurrence (fire) is the first module of the drivers to run. The total amount of 
area burned every year (Afire) is provided in the scenarios input file. The simulator starts 
with a burnt area equal to zero and selects the stands that are burned by Monte Carlo 
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simulation assuming an equal probability of being burnt for all stands (P_fire). The burnt 
area is added to the so far existing one and the fire algorithm runs until the burnt area 
meets the total amount of burnt area defined in the scenario for that year. If the stand 
burns, it is assumed that the whole stand will be harvested. The conditions under which it 
is possible to use salvage wood are defined by the simulation parameters. For the 
computation of wood coming from industrial harvest after fire occurrence it is assumed 
that the fires occur when half of the growth has been attained. This assumption is 
reasonable as most fires occur during the growing season. 
Wildfire behaviour is influenced by weather, in the short- and long-term, as well as by 
topography and fuels. Therefore, forest conditions combined with extreme weather 
conditions can lead to high severity fires (USDA 2004). The fact that an equal probability 
of burning is assumed for every stand might seem unrealistic, but it has been shown that 
a very high percentage of the burnt area per year results from big fires of high intensity 
which occur concentrated in only a few days (Oliveira 2008a). When this type of fire 
occurs there are no characteristics related to the stand (slope, age, vertical structure, 
species, management, etc.) or the landscape (species mixture, proximity to populated 
areas) that can be said to regulate the fire, therefore in reality the burnt area is almost 
randomly set. An alternative to assuming an equal value of P_fire for all the stands is to 
use a logistic function that uses the distance of the stand to the nearer different land uses 
as well as the stand’s azimuth as predictors (Vasconcelos et al. 2001).  
As the harvesting unit is a stand, with a fixed area, the volume harvested is usually slightly 
higher than the wood demand. The difference is kept for the following year as a volume 
stock (Vstock). Eucalyptus stands can be harvested during all year, therefore to make the 
harvest module more realistic it is assumed that stands are harvested after half of the 
growth has occurred. Before the wood demand driver runs, the harvested volume is 
already greater than the Vstock because there is a percentage of the burnt stands 
(%UseFire) that will be used by the industry. 
Similarly to what has been described for the fire driver, the total amount of volume 
harvested in each year of simulation (V_harvest) is defined in the scenario input file. Just 
like for hazards, there is also a simulation parameter that defines the age threshold that 
keeps non burnt stands under a certain age from being harvested (tminHarv) and another 
one that defines the percentage of harvest in nonindustrial stands (%HarvNInd) and 
uneven-aged stands (%HarvUEA). 
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The harvesting module, according to the simulation parameter P_harv, gives an 
increasing harvesting priority to older stands up to the age limit for harvesting (tminHarv) 
and keeps on harvesting until wood demand is met (Vharvest). A random number is 
drawn for each stand and compared to the harvesting probability (P_harv) which is 
defined in the scenario input file to decide whether the stand is harvested or not (Monte 
Carlo simulation). 
The land use changes module includes an algorithm for the new planted areas in lands 
that were not forested before. These areas represent the afforestation per year. The other 
algorithm in this driver is the one for the abandoned areas per year (which correspond to 
deforestation). The simulator assumes that part of the forest area is abandoned and 
converted to other land uses. 
The first step in the afforestation module is to determine the number of stands that 
correspond to the total amount of new planted areas per year of simulation (APlant) that is 
defined in the scenario file. Afterwards, a random number is drawn for each of the new 
stands in order to set them with a climatic region (Ribeiro and Tomé 2001). Once the 
climatic region is set, this module simulates the stands’ site index according to the climatic 
region previously set and the observed distribution of site indices for each particular 
climatic region. After this, the new planted stands are ready to be simulated. 
The main input information in the deforestation algorithm is the total amount of eucalyptus 
forestland converted to a different land use (%LandChange) given as a proportion of the 
forest area. Thus, the next step is to determine the abandoned area in hectares and the 
number of stands that correspond to that same area. Only harvested stands are allowed 
to be abandoned. To decide which stands are abandoned, the simulator uses a probability 
function (P_aband), implemented by Monte Carlo simulation, depending on the climatic 
region where it occurs (closely related to productivity regions). 
At present all even-aged stands are managed as even-aged forestry (EAF), but there is 
the possibility to originate a certain number of options (silvicultural model - series of 
silvicultural operations during the stand’s life) to each stand. Uneven-aged and non-
industrial stands (that can be considered as being close to combined objective forestry -
COF) are simulated in a very simple way with the same growth models as the stands 
managed as even-aged forests. This type of forest management is expressed by the small 
level of harvest occurring in these stands. 
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III.3.3 Growth and yield models 
As mentioned before, SIMPLOT uses two growth models: the Globulus 3.0 model for 
even-aged stands and the GYMMAnlin model for uneven-aged stands.  
The Globulus model (Tomé et al. 2006b, Tomé et al. 2001) is a stand level growth and 
yield model developed for pure even-aged stands. It integrates all the available 
information on eucalyptus growth and yield in Portugal and represents the combined 
efforts between industry and universities, which have been involved in several co-
operative research projects over the past decades. 
Globulus 3.0 includes two types of variables and two main modules. The variables that 
define the state of the stand over time (state variables) can be divided into principal 
variables in case they are directly predicted from a growth function or derived variables 
when their values are predicted from allometric or other equations that relate them to the 
principal variables and other previously predicted derived variables. On the other hand, 
the external variables control the development of the state variables and can be of three 
different sub-types: environmental, related to the management regime or intrinsic to the 
stand. The present version of this model has some of the parameters expressed as a 
function of climatic and site variables: the number of days with rain, the altitude, the total 
precipitation, the number of days with frost and the temperature. The greatest 
achievements in relation to previous versions is that: (i) it allows simulating the transition 
between rotations, by simulating growth for coppice stands before the thinning of the 
shoots usually occurring during the third year after the final harvest, and (ii) it includes 
improved biomass equations. A system of compatible equations to estimate tree 
aboveground biomass and biomass per tree component (António et al. 2007) were used 
to obtain tree level biomass estimates that were afterwards used to develop stand level 
compatible aboveground biomass and biomass per tree component equations (Oliveira 
2008b). The model has two modules, the initialization and the projection module. The 
initialization module predicts each principal variable as a function of the control variables 
that characterize the stand and is used to estimate the values of the principal variables in 
stands younger than 3 years that are not measured in the NFI (just visited and 
characterized). The initialization module is also essential because it allows initializing a 
new stand either by planting or coppice. The projection module consists of a system of 
compatible functions for each principal variable as a function of its starting value and 
control variables. All the functions of the growth module are growth functions formulated 
as first order non-linear difference equations. On the other hand, derived variables are 
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predicted as a function of principal variables as well as of control variables and previously 
predicted derived variables. 
To simulate the growth of uneven-aged stands a growth and yield model independent of 
age was used (Barreiro et al. 2004), the GYMMAnlin model. As the Globulus model, it 
includes a projection and an initialization module that include the same variables as the 
Globulus model. In the projection module the growth functions are formulated as age-
independent growth functions (Tomé et al. 2006a) with some of the parameters expressed 
as a function of climatic variables.  
III.3.4 Case study 
III.3.4.1 Input data 
The 1995–1997 NFI provided the eucalyptus input data for the simulator. In the case 
study presented here all eucalyptus stands were taken into account: pure even- and 
uneven-aged stands as well as stands with eucalyptus as the main and/or secondary 
species. Stand evaluation in terms of structure, production and vitality was achieved 
through field work on 786 inventory plots. All trees holding a diameter at breast height 
greater or equal to 7.5 cm were measured and the trees below this threshold were 
counted. The total area of eucalyptus stands was 805,546 ha (area equivalent to pure 
stands equal to 674,908 ha) and held a standing volume of 41.94 x 106 m3. Fig. 2 shows 
the distribution of the eucalyptus area by age class and stand type. 
 
Fig. 2. Area of eucalyptus even-aged stands distributed in 1-year age classes (EA) and area of 
other stand types: non-industrial even-aged stands (EA_n_ind), unevenaged stands (UEA_ind), 
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III.3.4.2 Scenarios  
Two main scenario lines showing the impact of wildfire severity on the potential volume 
available to be harvested are considered. The scenarios in each line are mainly 
characterized by the total amount of the drivers and by a set of simulation parameters. All 
underlying assumptions are described in the following sections: ‘Forest Management 
Alternatives’, ‘Wood Demand’, ‘Land Use Changes’, ‘Hazards-fire’, and ‘Simulation 
Parameters’. 
Forest management alternatives. Eucalyptus stands are managed as planted stands 
followed by two coppice stands with a rotation length around 12 years each. Out of the 
different forest management alternatives considered for eucalyptus in Portugal, in this 
study of the impacts of wildfire severity all the even-aged stands were simulated assuming 
even-aged forestry (EAF) FMA. The main reasons for this are two. First, the fact that at 
present there are no eucalyptus stands planted specifically for biomass production and 
second, the difficulty of classifying stands as combined objective forestry (COF) stands. 
Rather old or uneven-aged stands - these last simulated with a different growth model - of 
low density, close to urban areas and easy to access can be appointed as potential COF 
stands oriented to the recreational and social use of forests in case proper management 
measures are undertaken (like making improvements to existing facilities and introducing 
new facilities). Despite this fact, these types of stands have only been treated as non-
industrial stands and therefore set with a smaller harvesting probability. 
Wood demand. Three alternative wood demand scenarios have been defined. Until 2006 
wood consumption by species can be found in the Portuguese statistics (Pereira et al. 
2009). The official numbers correspond to volume of wood including bark and the 
corresponding driver used by SIMPLOT is wood without bark, thus to define the scenarios 
bark was discounted out of the wood demand published figures. Bark corresponds to 18% 
of the wood demand (Tomé et al. 1996). The scenarios can be distinguished by the wood 
demand evolution from 2006 onwards. In the first scenario (WD1) wood demand is 
admitted to have reached its maximum in 2006 and to remain constant until the end of the 
simulation period (Fig. 5a). On the second scenario wood demand is considered to 
increase at a rate of 1.2% per year (WD2) based on an analysis of the evolution of 
consumption and fellings in 30 Western and Central European Countries from 1964 up to 
year 2000 (Nabuurs et al. 2006). Finally, the third scenario with wood demand evolution 
set based on the announced production capacity increase (WD3). Recent changes in 
production processes, transforming unbleached softwood pulp mills into bleached 
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eucalyptus kraft pulp producers, have resulted in a production capacity increase. In 
addition to this, one of the most efficient pulp mills in Portugal, with a present annual 
production capacity of 300,000 t/year has just announced to be able to double its annual 
production capacity by 2010 (Celbi 2009). Apart from the capacity increases in pulp 
production, also non-pulp and paper national consumption and exports were considered. 
The first ones were considered to be constant along the simulation period as well as the 
exports based on the average of the exports of the last 3 years as reported in the Eurostat 
statistics (Eurostat 2009). This value was discounted of a percentage representing bark 
smaller than the usual 18% since the reported exports of eucalyptus refer to a mix of 
wood with or without bark. These announced changes are expected to have a positive 
impact on the evolution of wood demand until 2013 but assumed to remain constant until 
the end of the simulation period. 
Land use changes. The total amount of new planted areas (Aplant) was considered 
constant throughout the simulation period based on the average of new eucalyptus areas 
planted during a 5-year interval from 1995 to 2000 (Pereira et al. 2009). The total amount 
of abandoned eucalyptus forest (P_Aband) is given as a proportion of the existing total 
forest area in each year. The proportion was set based on the average value of 
deforestation occurring between 1986 and 2000 (Pereira et al. 2009). It was considered 
that the deforestation of eucalyptus stands per year was constant over the simulation 
period. 
Hazards - fire. In this study four alternative fire scenarios have been compared. Three of 
the fire scenarios are based on the real wildfire occurrences until 2006, while the fourth is 
a completely hypothetical scenario which ignores the existence of the extremely severe 
wildfires occurred in 2003 and 2005. The first three fire scenarios consider the eucalyptus 
forest burnt areas published in the statistics (Pereira et al. 2009) from 1997 until 2006. 
From 2006 onwards, the burnt areas were simulated (Fig. 3) based on the analysis of 
historical data on forest burnt areas since 1968 (DGRF 1991). 
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Fig. 3. Area of forest wildfires in a 1000 ha occurred in Portugal from 1968 until 2006. 
 
The historical analysis of the burnt area series allowed concluding that the probability of 
occurrence of two severe wildfires in two consecutive years is very low, a severe wildfire 
being usually followed by a series of less severe wildfires for the next years. Therefore, 
three fire dimension classes were defined (low, medium and high) and the historical data 
was used to: first, set the probability of occurrence of a medium dimension fire after a 
medium or high dimension one had occurred; and second, to study the distribution of 
burnt areas by each fire dimension class. With these elements it is possible, using Monte 
Carlo simulation, to obtain a time series of burnt areas. The total burnt areas obtained 
were then reduced to the corresponding eucalyptus forest area in Portugal. The reduction 
was based on the average percentage of eucalyptus representativeness in the forest area 
between the years 2000 and 2006. 
The first scenario is characterized by the official burnt areas until 2006 and the simulated 
burnt areas for low and medium fires until the end of the simulation period were 
established by Monte Carlo simulation as described above (WF1). The second scenario 
(WF2) is established based on the real burnt areas until 2006 and three wildfires of 
medium/high dimension until the end of the simulation period intercalated with the 
simulated burnt areas for low and medium fires used in the previous scenario. Monte 
Carlo simulation was used to define the years of occurrence (2007, 2013 and 2020) of 
these medium high dimension fires and to set them with the burnt areas according to the 
fire dimension class. The third scenario (WF3) is set in a similar way to the second one. 
The only difference lies in the years of occurrence of the big fires (2013, 2020 and 2025) 




























































































 Development of forest simulation tools for Eucalyptus in Portugal  
 
56 Chapter III | Susana Barreiro, 2011 
 
The reason for including a fourth scenario (WF0) that disregards the severe fires of 2003 
and 2005 intends to show the impact of fires of such magnitude in wood demand and in 
the future condition of forests. In 2003 forest fires consumed over 274,000 ha in Portugal 
and this catastrophe had a major repercussion in terms of carbon stocks and carbon 
sequestered. Thus, 2003 and 2005 real burnt areas were deleted and its values replaced 
by the ones from years 2004 and 2006, respectively. The remaining areas are those used 
in first scenario (WF1) shifted back 2 years. Fig. 4 shows the difference between these 
scenarios in terms of number of severe wildfires and their intensity, reflected in terms of 
burnt area. The black bars represent real fires that have actually occurred in the past, 
while the dashed ones represent the simulated burnt areas for low and medium/low fires 
until the end of the simulation period established by Monte Carlo simulation. The dark 
dotted bars represent the 3 medium and severe wildfires that characterize scenarios WF3 
and WF4, respectively. 
 
Fig. 4. Area of forest fires in hectares occurred in eucalyptus stands for each of the four scenarios: 
WF1, low intensity fire scenario; WF2, scenario with 3 medium intensity fires; WF3, scenario with 3 
high intensity fires and WF0, hypothetical scenario with no severe fire occurrence. 
 
As mentioned before, apart from the total amounts of each of the drivers described in the 
scenario file, the simulator depends on several parameters for which there are default 
values that can be modified by the user. The simulation runs in this study have been 
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Table 3. Simulation parameters default values. 
 
Top-diameter (TopDiameter) 5 cm  
Percentage of death occurring between rotations (%deathRot). 20% 
Minimum age that allows the industrial use of trees after a fire (tminFire)  5 years 
Percentage of salvage wood used by the industry (%UseFire)  60% 
Minimum age that allows a stand to be harvested (tminHarv) unless they have burnt 8 years 
Percentages of non industrial stands that can be harvested (%HarvNI) 10% 
Percentages of uneven-aged stands that can be harvested  (%HarvUEA) 10% 
Probability of a stand being harvested (P_harv) F (age, stand type) 
Probability of a stand being abandoned (P_aband) F (productivity) 
 
 
Wood demand scenario line. The first line integrates three alternative wood demand 
scenarios (WD1, WD2 and WD3) combined with the moderate fire scenario (WF1). The 
objective of this line of scenarios is to identify a reasonable demand scenario to be 
applied to the forest fire driven scenario’s line (WDi, where i = 1, 2 or 3). 
 
Forest fire driven scenarios. This line is composed of the most sustainable and 
reasonable wood demand scenario selected from the previous line combined with the 
three different fire intensity scenarios previously described: WF1, WF2 and WF3. To 
provide a more clear view of the impacts of the severe wild fires registered in 2003 and 
2005 the hypothetical scenario WF0 was also combined with the selected wood demand 
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Table 4. Summary description of the scenarios studied. 
 
Scenario 





FMAs Afforestation  
(ha) 







WD1 WF1 EAF 
WD2_WF1 WD2 WF1 EAF 
WD3_WF1 WD3 WF1 EAF 
WDi_WF0 WDi WF0 EAF 
WDi_WF1 WDi WF1 EAF 
WDi_WF2 WDi WF2 EAF 
WDi_WF3 WDi WF3 EAF 
 
III.4 Results 
III.4.1 Wood demand scenario line 
Fig. 5 summarizes the results of the wood demand scenario line. The results show that 
when keeping the levels of wood demand stable and assuming a fire occurrence of low 
intensity (WD1_WF1) the carbon stock rises above 26000 Gg by the end of the simulation 
period (Fig. 5c). On the other hand, for the wood demand considered in scenario 
WD3_WF1 carbon stocks decrease drastically in about 9000 Gg from 2009 until the end 
of the simulation period. Even though wood demand is met in scenario WD3_WF1, this is 
only possible because overharvesting is allowed. If a more severe fire scenario is 
combined with such levels of supply, overharvesting is expected to occur even more 
severely leading to an unsustainable forest. Being so, the wood demand in this scenario 
makes it unsustainable and therefore the wood demand increase of 1.2% per year (WD2) 
seemed to be the reasonable choice to apply in the fire scenarios line. 
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Fig. 5. Evolution of the main drivers and indicators: carbon stock and carbon sequestered 
characterizing the three scenarios in the wood demand scenario line: (a) evolution of wood demand 
driver, where WD1_WF1, WD2_WF1 and WD3_WF1 represent the wood demand defined in the 
three scenarios; (b) evolution of the burnt area driver for each scenario; (c) evolution of carbon 
stock and (d) evolution of carbon sequestered. 
 
III.4.2 Wildfire scenario line 
The results of the simulations combining the wood demand selected out of the wood 
demand scenario line and the different intensities of wildfires can be seen in Fig. 6 
Despite the severe fire scenarios considered the harvested volume is always enough to 
cover for the wood demand (Fig. 6a). The more intense the fire scenario the more 
drastically carbon stocks decrease. This is clearly shown by the impact of the big wildfire 
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Fig. 6. Evolution of the main drivers and indicators: carbon stock and carbon sequestered 
characterizing the four scenarios in the wildfire scenario line: (a) evolution of wood demand driver, 
where WD2_WF0, WD2_WF1, WD2_WF2 and WD2_WF3 represent the wood demand defined in 
the four scenarios; (b) evolution of the burnt area driver for each scenario; (c) evolution of carbon 
stock and (d) evolution of carbon sequestered. 
 
The consequences of a severe wildfire can be even worse if the number of consecutive 
medium sized wildfires is high. This is expressed by the behaviour of the lines of 
scenarios WD2_WF2 and WD2_WF3 in Fig. 6c. Since WD2_WF3 is characterized by 
having three wildfires of severe magnitude it could be expected that carbon stocks in 
WD2_WF2 would be higher, but this only happens after 2012. From 2006 until 2012, 
WD2_WF2 has less carbon stocked because the severe fires of 2003 and 2005 were 
followed by another medium wildfire in 2007 causing 12924 ha to burn against 991 ha in 
scenario WD2_WF3 (Fig. 6b). It takes the first severe wildfire WD2_WF3 to occur in 2013 
to invert the tendency of carbon storage in the two scenarios. 
The severe wildfires of 2003 and 2005 are responsible for the carbon stock depletion 
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WD2_WF1 after 2018, the evolution of carbon stock reversed. Despite these two fires 
have been neglected in scenario WD2_WF0 this scenario holds for some years bigger 
burnt areas than scenario WD2_WF1 (2007, 2010 and 2013), this can be the reason why 
in the long run carbon stock ends up being higher for WD2_WF1 (Fig. 6c). 
 
III.5 Discussion 
The objective of the research presented here was to study the impact of scenarios of 
different forest fires intensity and frequency on the sustainability of the eucalyptus forests 
in Portugal. This analysis was done by implementing existing growth and yield models - 
the Globulus 3.0 model for even-aged stands and the GYMMAnlin model for uneven-aged 
stands – into the regional simulator SIMPLOT. 
As a first step, SIMPLOT was used in order to select a realistic wood demand scenario 
that was compatible with the long-term sustainability of the eucalyptus forests. In the 
process of selecting a sustainable realistic wood demand to be combined with the 
wildfire’s scenarios it was realized that results change considerably when wood demand is 
replaced by the one reflecting increased production capacity (WD3) down to the one 
corresponding to 1.2% increase (WD2). Fig. 7 shows the negative impact of the highest 
wood demand on carbon stocks and carbon sequestered (compare Figs. 7a and b with 
Figs. 6c and d). Such a scenario would have drastic impacts on the Portuguese 
eucalyptus forests. Abundant supply is only possible while resources increase at the same 
level (it is even desirable that growth overcomes harvest), but under WD3 this would only 
be possible with the increase of the eucalyptus plantations rate. Restrictive measures on 
exports could be put to practice nonetheless with no guarantees that even so the resulting 
supply of wood would be enough to meet the level of wood demand in WD3. Imports may 
have to be done. Harvesting has to take place in a sustainable way over time. In order to 
achieve this, there might be needed to regulate wood demand. These results clearly show 
the importance of a tool as SIMPLOT for industry planning and for the definition of forest 
policies.  
Not only SIMPLOT has proven to be sensitive to wood demand, it has also shown to be 
susceptible to the evolution of burnt areas. The results point out the importance of the 
number of consecutive medium wildfires as well as their magnitudes. In the long run, the 
consequences of a few severe wildfires can nearly be compared to those of a set of 
consecutive medium wildfires when it comes to carbon stock. Although, carbon 
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sequestered as proven to be less affected by sets of severe wildfires showing the greater 
impacts of severe fires in the exact same year in which they occur. This result is extremely 
important for the industry specially if the pulp and paper industries can not handle the 
inter-annual variability deriving from wildfires occurrence. 
 
Fig. 7. Evolution of carbon stock (a) and carbon sequestered (b) for wood demands WD3 
combined with the four wildfire scenarios. 
 
This type of analysis is only possible with this kind of tool. With a stand simulator like 
Globulus 3.0 the impacts of wildfire occurrence at a regional level and different wood 
demand levels would have never been possible. SIMPLOT allows the use of Globulus 3.0 
at regional level. 
The simulator is under constant development at Instituto Superior de Agronomia (ISA). 
This paper describes the first prototype of the simulator. The only hazard taken into 
account by this first version of the simulator is forest fire but it is planned to add the impact 
of the most important pests and diseases that affect the eucalyptus in Portugal. Another 
characteristic that will be added very soon is the possibility to simulate forest management 
alternatives other than even-aged forestry.  
 
III.6 Conclusions 
The regional simulator described in this paper – SIMPLOT – was developed for 
eucalyptus stands in Portugal to investigate the potential impacts of wood demand, 
wildfire magnitude and occurrence, land use and forest management changes on the 
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level simulator), simulation results could only be obtained for a given stand, while 
SIMPLOT allows a global analysis of the simulation results for a set of stands integrating 
the influence of several factors that have no expression at stand level, such as wood 
demand.  
Simulations were conducted to forecast the impact of wildfire occurrence on standing 
volume and carbon stock of eucalyptus plantations, therefore on the sustainability of such 
forests, under alternative scenarios combining different levels of wood demand with 
different levels of wildfires occurrence. One important conclusion is that the impact of the 
very large fires on carbon sequestration coincides mainly with the year of occurrence of 
the large fire, but does not have a long-term impact, except if the forest becomes 
unsustainable. On the other hand the impact on carbon stock is much more durable. 
The simulator has the advantage of not being too demanding in terms of input data. It 
requires inventory data usually available from National Forest Inventories (NFI) as is the 
case of eucalyptus in Portugal. The basic output of the model consists of the state of the 
forest in 1-year intervals: growing stock, harvested area and volume, burnt area and a 
wide set of social, economic and environmental indicators. 
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Analysis of the impact of the use of eucalyptus biomass for energy on wood 
availability for eucalyptus forest in Portugal. A simulation study. 
Chapter IV 
IV.1 Abstract 
In the scope of energy diversification and profitable forest resources exploitation, 
increasing the use of biomass residues for energy can play an important role. The use of 
local sources of energy, reduce carbon emissions and fossil energy use, providing 
additional revenue for the forest sector and also reducing the risk of forest wildfires.  
Regional simulators can help forecast available wood and biomass and allow evaluation 
of possible future conflicts of interest and its consequences for society. This paper 
focuses on improving an existing regional forest simulator (SIMPLOT) so that it can be 
applied to study research questions related to increasing the use of eucalyptus biomass 
for bioenergy and the related consequences for wood available for pulp. 
Biomass modules were integrated into SIMPLOT so that different sources of biomass 
used for energy could be accounted for. The updated version of the simulator was used to 
assess the impact of different biomass demands for bioenergy, combined with different 
afforestation alternatives on the wood available for the pulp and paper industry in 
Portugal. SIMPLOT’s forecasts indicated that eucalyptus forest is unable to satisfy wood 
demand even when pulp afforestation areas are doubled regardless of the biomass 
demand considered. Also, the simulation results showed that, with the tested afforestation 











 Development of forest simulation tools for Eucalyptus in Portugal  
 
70 Chapter IV | Susana Barreiro, 2012 
 
IV.2 Introduction 
Eucalyptus globulus was introduced into Portugal in the second half of the 19th century, 
but only recently, has it increased its range from around 70 thousand hectares in 1965 
(DGSFA 1966a, DGSFA 1966b) to 739.515 hectares, making it the second most 
important species in the country (AFN 2010). E. globulus has assumed an important role 
not only in terms of forest area, but also in terms of the economy, providing the raw-
material for the pulp and paper industry, one of the most important industries in the 
country. Eucalyptus plantations have emerged as an alternative to other land uses, 
competing with grasslands, rain-fed agriculture, shrublands, maritime pine forest, and, 
more recently, as an alternative to land abandonment (Soares et al. 2007).  
In recent decades, the use of biomass for energy has become a common topic. Short-
rotation forestry, as part of short-rotation coppice crops, has become extremely important 
because biomass is seen by many European governments as having an important role in 
meeting commitments under the Kyoto Protocol (United Nations 1998). By 2010, Europe 
was expected to obtain 12% of its power production from renewable resources (Abell 
2005).  
The role of biomass in energy production is high in Brazil, where huge investments made 
in the pulp and paper industry resulted in intensive selection programs using cloning, 
controlled hybridization and micro-propagation of eucalyptus (Eucalyptus grandis and 
Eucalyptus saligna) (Abell 2005).  
In 2005, the Portuguese Energy Strategy pointed out the need to increase the power 
infrastructure by building 15 new thermoelectric plants supplied by forest biomass (DRE 
2005a). Energy produced by these plants is competitively priced (109€/MWh) only 
bettered by photovoltaic energy (DRE 2005b). The strategy also recommended financing 
research into new technologies that use forest biomass for localized energy production 
(DRE 2006).  
Over the last three decades, forestry wood chain (FWC) industries have been using 
biomass to produce thermo and electrical energy in Portugal. In 2008, 74% of the energy 
consumed by the pulp and paper industry was derived from bio-fuels; of these 81% of the 
energy produced from biomass derived from a sub-product of pulp production (black 
liquor), 17% was produced from E. globulus and Pinus pinaster bark, and the remaining 
2% from shrubs and agro-industrial residues (CELPA 2009).  
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The first biomass plant, Mortágua, started operating in 1999 with a 63 GWh capacity and 
a biomass consumption of 109 000 Mg/yr. This plant was followed by another three plants 
installed in 2007 and 2009, amounting to a total power of 380 GWh/yr and a consumption 
of  700 000 Mg/yr. In 2010, four other biomass plants were planned to come online. 
In Portugal, E. globulus stands have mainly been managed for pulp production. Unlike 
what happens for other species managed with other purposes, E. globulus does not have 
restrictions on wood dimensions provided that tree tops are eliminated according to a 
predefined top diameter being possible to use them for bioenergy. Rotation age is usually 
set by the development of mean and current annual volume increment, although it is 
difficult to set a fixed rotation age because stand growth depends on stand density and 
site quality. Therefore, rotation age can vary from 8 up to 14 years or more, depending on 
wood demand. Over the years, spacing trials have determined that ideal density is around 
1200 trees, compromising between stand density and silvicultural operation costs (Ribeiro 
et al. 1997). Although this species has always been managed for pulp, the recent interest 
in bioenergy requires considering in this study a different forest management approach 
(FMA). Species used for bioenergy purposes are usually chosen for their resprouting 
ability, good biomass quality (low water content) and high productivity. Thus, high 
densities and shorter rotations (but not too short, in order to give it time to grow and 
reduce the amount of foliage) are preferred for this type of management. To date, no 
studies examining E. globulus potential to be used for bioenergy have been published in 
Portugal.  
Given current market pressure to supply pulp mills with wood and future pressure to 
supply bioenergy plants with biomass, it is interesting to study possible competition and 
conflicts between both uses for the same raw-material. The main objective of this paper is 
to investigate the impacts of increasing biomass demands on wood available to be used in 
pulp production. In order to do so, the SIMPLOT regional simulator, described in Barreiro 
and Tomé (2011), was improved to simulate the two most intensive FMAs considered 
under the scope of the EFORWOOD project: intensive even-aged forestry and short-
rotation forestry (Chapter II). Consequently, improvements to the simulator can be seen 
as a secondary objective of this paper. 
Several alternative combinations of new annual plantation areas for wood-production for 
pulp (WP) and for bioenergy production (BP) were studied, combined with two scenarios 
of biomass demand: one considering no biomass demand and the other characterized by 
an annual percentage increase.  
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IV. 3 Methods 
Before describing the modifications made to the SIMPLOT simulator, a brief description of 
the original version is presented. The description of the updated version of the model and 
its overall structure follows a brief introduction to biomass sources.  
IV.3.1 Simulator description 
 IV.3.1.1 Overview of the original SIMPLOT simulator 
SIMPLOT’s previous version has been described in detail by Barreiro and Tomé (2011). It 
is a non-spatially explicit regional simulator conceived to use national forest inventory 
plots as input. It was designed to simulate the development of all types of eucalyptus 
stands in 1-year time-steps by using growth models. For the simplicity of the simulator’s 
growth module, the area of mixed stands, not very significant compared with the area of 
pure stands, is converted into area of pure stands, based on the ratio between eucalyptus 
volume in the stand and the total stand volume. The evolution of forest resources is 
mainly driven by wood demand, also considering other drivers: fire occurrence, land use 
changes (LUC) and forest management changes. Drivers are organized in separate 
modules and implemented in two steps: the total amount of the drivers, which represents 
the module’s inputs; and the probability of occurrence of the event for each stand, usually 
set by a probability function and implemented with Monte Carlo simulation. If an event 
occurs, the simulator takes a specific action depending on the event. The influence of the 
drivers is expressed through the scenario, and simulation runs depend on a series of 
user-defined parameters. The simulator assumes beforehand that only stands that have 
reached the number of rotations defined by the user can be either abandoned, replanted 
under the same FMA or changed to a different one. Furthermore, SIMPLOT works based 
on a set of implicit assumptions, namely, burned stands are harvested, salvage wood is 
considered, and surplus harvested biomass is left on site to offset nutrients removal. 
IV.3.1.2 Improvements made to SIMPLOT 
The previous version of SIMPLOT did not consider the use of biomass. Biomass can be 
allocated from different sources: forest residues (SourceResidues), bioenergy plantations 
(SourceEnergy) and wood-production forests for pulp (SourceWood). Forest residues are 
composed of biomass deriving from burned stands not used by the pulp industry, biomass 
from tree tops, branches and bark resulting from harvesting depending on the harvesting 
method, and biomass resulting from shoot selection operations in coppice stands. To 
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integrate these three sources of biomass for energy in the simulator, different 
methodologies were applied, depending on the source.  
So that SIMPLOT could simulate the use of biomass, several significant improvements 
were made: (1) biomass demand and annual plantation of areas for energy purposes 
were included as drivers in the scenario, and simulation parameters mostly concerning 
short-rotation forestry were added; (2) biomass ratio functions, which predict the biomass 
of a tree component below a given height (and therefore to a certain diameter), were 
integrated so that biomass residues could be accounted for; (3) an adaptation of Globulus 
growth model was added to simulate the growth of stands used for bioenergy production; 
(4) two harvesting modules were created to harvest stands for bioenergy.  
It was necessary to include an assumption concerning the harvesting of wood-production 
plantations for energy: if biomass demand is not met using biomass from SourceResidues 
and SourceEnergy, wood-production forests can be harvested for energy as long as wood 
demand has been met. Another assumption was made, this one related to fire: biomass of 
leaves is totally destroyed, but bark and branches are damaged, suffering biomass 
reductions of 40% and 25%, respectively. 
After the improvements, SIMPLOT now includes two demands to be met for the horizon of 
simulation: wood demand for pulp and paper production and biomass demand for 
bioenergy production. Fig. 1 shows the current structure of the simulator, including the 
new modules and each module’s contribution to meet the wood and biomass demands. 
The first three boxes represent the input files. The next level of boxes deriving from the 
scenario and simulation parameters input files show the total amount of each driver 
needed as input for each of the drivers’ modules. The cascade boxes represent the 
modules, and the arrows indicate the order in which each of the modules run: first, the 
growth module, followed by the modules related to the drivers: fire, harvest bioenergy 
plantations (BP/E), harvest wood-production forests for pulp production (WP/W), harvest 
wood-production forests for energy production (WP/E), LUC, and changes in FMAs. 
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Fig. 1. Simplified overall structure of SIMPLOT simulator.  
 
IV.3.1.3 Simulation parameters, drivers, and scenarios 
The scenario input file containing the information to run the driver’s modules has been 
restructured. Inclusion of the short-rotation FMA was followed by a need to specify the 
total amount of biomass for bioenergy production to be harvested in each year of 
simulation (representing the biomass demand for energy) and the area of new bioenergy 
plantations. Apart from these changes, the proportions of area related to the conversion of 
even-aged (WP) to short-rotation (BP) and the inverse one have also been included. Fig. 
2 gives a more detailed overview of the present functioning of the simulator.  
The new user defined parameters concerning short-rotation forestry are: rotation length, 
starting density and number of rotations. The assortments and the harvesting system 
have also increased the previous list. At present, apart from top diameter it also integrates 
log length and four dummy variables that are used to define the possible harvesting 
systems: 1) top (over bark wood); 2) branches (of the whole tree including leaves); 3) bark 
 Development of forest simulation tools for Eucalyptus in Portugal  
 
Susana Barreiro, 2012 | Chapter IV 75 
 
(of the whole tree except top bark); and 4) top with branches (the whole top including 
bark, branches and leaves). 
IV.3.1.4 Biomass ratio functions 
In the previous version of the simulator, there was an amount of biomass residues 
resulting from harvested stands, but this material was not accounted for. In the present 
version, this material is estimated and assumed to be used for bioenergy production 
representing one of the three sources of biomass. In order to calculate the percent 
biomass, tree biomass ratio equations depending on the top diameter were used (Fontes 
et al., submitted). The biomass of tops is estimated per tree component: wood, bark, 
branches and leaves. The equations are applied to the mean tree and the total biomass of 
residues is then estimated from the number of trees per hectare. In order to implement the 
biomass ratio equations, height of the mean tree (Tomé et al. 2007b), height up to the 
crown base (Soares and Tomé 2003), diameter of the dominant trees (Tomé et al. 2007a) 
and top height need to be determined. In this study, logs 2 meters long were considered. 
The diameter at the base of each log (di) along the stem is calculated until the top 
diameter planned for harvesting is surpassed. The diameters (di) were calculated over 
bark with existing taper equations (Tomé et al. 2007b). The height of the last log was 
selected from the bottom or the top of the previous log so that a top diameter as close as 
possible from the one planned could be obtained. All equations used can be found in 
Table 1. 
This improvement allows considering different harvesting systems from more to less 
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Table 1. Equations used in the calculation of E. globulus residues biomass.  
(Tomé et al. 2007a): 
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where N is the stand density (ha
-1
); hdom is the dominant height (m); ddom is the average diameter of the 
dominant trees (cm), t is the stand age (years); d is the diameter at breast height (cm), dg is the quadratic 
mean d (cm); cop is a dummy variable for coppice, assuming the value 0 for planted stands and 1 for 
coppice stands; h is the total tree height of the average tree (m); hst is the stump height considered 0.15 m; 
hc is the tree height up to the base of the crown (m); hi is the top height (m); di is a top diameter (cm); wi di 
is the biomass of the component below diameter di (Mg ha
-1
); where i represents: w for wood, b for bark, br 
for branches and l for leaves; Wadi is the aboveground biomass below a top diameter di. 
 
IV.3.1.5 Growth module update 
In SIMPLOT’s previous version, the growth module integrated growth models for uneven-
aged stands and for pure even-aged stands (wood-production forests). This version 
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comprises an adaptation of Globulus 3.0 (Tomé et al. 2006) model in order to produce 
more accurate estimates for highly stocked pure even-aged stands (Chapter VI), which is 
used to simulate the growth of stands used for bioenergy production.  
 
 
Fig. 2. Schematic view of SIMPLOT’s functioning. 
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IV.3.1.6 Running the simulator 
After updating stand growth with the growth module, the first driver module to run is 
“hazards-fire”. This module was updated in order to produce two different outputs. After 
deciding which stands are burned (Monte Carlo simulation), it separates the volume of 
salvage wood to be used for pulp from the biomass of residues for bioenergy production. 
The biomass of residues resulting from harvesting a certain proportion of burned wood for 
industrial use, combined with the total biomass from the stands with no industrial use, is 
summed, contributing to the first source of biomass for energy.  
The next three modules in Fig. 1 are harvesting modules. The first one (harvest BP/E), is 
responsible for harvesting bioenergy stands consisting of the second source of biomass 
for energy. This module harvests all stands planted for energy production that have 
reached the rotation length defined as a simulation parameter, regardless of the biomass 
demand defined in the scenario. The aboveground biomass resulting from this harvest 
operation is summed up to the burned biomass previously harvested, and compared with 
the biomass demand. If biomass demand has been met, the surplus biomass is 
considered to be available for export. If not, the harvested biomass will continue being 
increased by biomass outputs from subsequent modules until the corresponding demand 
is met.  
This module is followed by the one responsible for harvesting stands for pulp production 
(harvest WP/W). It produces two outputs: harvested volume, which is added to the volume 
of salvage wood that resulted as an output from the fire module, and biomass of residues, 
including shoot selection biomass. This last biomass output also contributes to the first 
source of biomass if biomass demand still needs to be met. Alves (1996) determined that, 
in one spacing trial (500 to 1667 trees/hectare), the amount of biomass removed during 
this operation when compared to the total standing dry biomass ranges between 47.57% 
and 57.41%, with an average value of 53.24% and no pattern in variation from the higher 
to the lower densities. In the absence of other information, and after discussion with forest 
experts, this value was used for the whole country to account for this pool of biomass. 
Harvesting takes place based on an age dependent probability, selecting stands with 
Monte Carlo simulation. The module runs until wood demand is met, and as it runs, 
biomass residues are produced. This biomass output, together with the biomass resulting 
from burned stands, contributes to the first source of biomass.  
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At this point, the total harvested biomass is compared with the biomass demand, and if it 
has not reached the amount defined in the scenario, another harvesting module can be 
run. Module harvest WP/E is responsible for harvesting pulp stands for energy production. 
Running this module will depend on whether wood demand has been met and biomass 
demand has not. Thus, it ensures that pulp stands will only be used for energy if there is 
enough wood to supply the wood demand. This module is based on the same principles 
as the previous one, with the difference that the whole harvested material is used for 
bioenergy. The product of this module makes up the third source of biomass. 
After running the modules responsible for meeting the two demands, the modules 
responsible for land use are run: afforestation and deforestation. Presently, the 
afforestation module has to take into account two different kinds of stands to be planted: 
wood-production stands (WP) and short-rotation bioenergy production stands (BP). This 
module runs under the same principles described in Barreiro and Tomé (2011), but it has 
been updated so that new bioenergy plantations are set according to the areas defined in 
the scenario for each FMA. The deforestation module has not been modified. 
Finally, the last module to run is the changes between FMAs, which defines the 
percentage of change between FMAs for each year of the simulation period. The main 
input information in the FMAs algorithm is the percentage of transition from one FMA to 
another. Thus, the next step is to determine the area in hectares and the corresponding 
number of stands that are converted from WP to BP and from BP to WP for each year of 
simulation. Monte Carlo simulation is used to decide which stands are converted to a 
different management approach. 
It is important to stress that, if biomass demand is met at any point during the simulation 
for a given year, biomass from shoot selection and harvesting residues is assumed to be 
left on site to minimize nutrient removal. 
 
IV.3.2 Methods used for testing the simulator 
IV.3.2.1 Input data 
The simulations were done using the national forest inventory (NFI) eucalyptus plots from 
NFI1995-97 as input. This case study includes a total of 786 plots, representing pure-even 
and uneven-aged stands and also eucalyptus mixed stands, covering an area of 805,546 
ha (area equivalent to 674,908 ha of pure stands). All plots were classified as wood-
 Development of forest simulation tools for Eucalyptus in Portugal  
 
80 Chapter IV | Susana Barreiro, 2012 
 
production forest (WP). Biomass production (BP) stands will be represented by bioenergy 
plantations simulated based on the area of new plantations defined in the scenarios for 
each year of simulation.  
 
IV.3.2.2 Scenarios and simulation parameters description 
In order to facilitate the analysis, the total amount of the drivers’ wood demand, hazards-
fire, and deforestation are considered equal for the different scenarios. From 1998 to 2008 
wood consumption, burned areas and LUC are based on the national forest statistics 
(Pereira et al. 2010). Changes between different FMAs were considered null throughout 
the simulation period. The underlying assumptions related to each of the drivers are 
described below.  
Wood demand evolution from 2008 onward is based on the production capacity increase 
announced until year 2010 by the pulp and paper mills (Altri 2010). From 2010 onward, 
there is a 0.3% increase per year. As for hazards-fire, the simulation of burned areas from 
2008 onward was based on the analysis of historical data from 1963 on forest fires 
(excluding the very large fires of 2003 and 2005), and Monte Carlo simulation was used to 
generate a time series of eucalyptus burned areas with two medium-high severity fires 
occurring in this period (Fig. 3). Deforestation is defined as a proportion of the total forest 
area. This proportion, considered constant for the simulation period, was determined by 
multiplying the average deforestation registered for the period of 1986-2000 (Pereira et al. 
2010) by the total annual forest area. 
Until 2015, biomass consumption was estimated based on the capacity of the biomass 
plants operating or planned to be operating in a near future (Campilho, personal 
communication). After 2015, an annual increase of 0.9% was applied (BD1). A scenario 
considering no biomass demand (BD0) was also studied (Fig. 3). Because there is no 
information on the amount of biomass consumed per species by bioenergy plants, it was 
considered that 50% of the raw material came from eucalyptus. This option relates to the 
fact that E. globulus and Pinus pinaster together cover 51% of total forest area and are 
the species used for bioenergy. The harvesting system considered in this study is 
characterized by removal of bark, branches and tree tops. Because the objective was to 
assess the maximum biomass available, a removal efficiency of 100% was assumed, as 
well as total use of the material resulting from the shoot selection operation. 
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Total afforestation results from the sum of new plantations for energy and new plantations 
for pulp. Afforestation scenarios were based on the average of new eucalyptus areas 
planted between 1995 and 2000 (Pereira et al.  2010): 4833.3 ha year-1. Another three 
levels of new plantations were considered: 33%, 66% and 100% increases over this 
amount. Within each of the four afforestation levels, four different bioenergy plantation 
amounts were tested (Fig. 4), resulting in 16 alternative scenarios that were run with a 
0.9% increase in biomass demand (BD1). Additionally, four plantation scenarios excluding 
bioenergy plantations were combined with a no biomass demand scenario (BD0). A total 
of 20 scenarios were identified and named after the biomass demand combined, the 
plantation scenario for pulp and the plantation scenario for bioenergy. 
 
Fig. 3. Evolution of wood and biomass demand and burned area drivers. 
 
Details on each FMA with a summary of the silvicultural operations can be found in Table 
1 in the Appendix. All scenarios were tested with the simulation parameters described in 
Table 2 in the Appendix. 
SIMPLOT was stochastically run in an attempt to illustrate natural variability through 




































Biomass Demand (103 Gg)
0.9% demand
No demand
 Development of forest simulation tools for Eucalyptus in Portugal  
 
82 Chapter IV | Susana Barreiro, 2012 
 
 
Fig. 4. Evolution of the alternative afforestation scenarios resulting from the combination of 4 
bioenergy production planted areas (0, 1611, 3222 and 4833 ha) with different levels of wood-
production planted areas varying between 0 and 9666 ha in order to achieve total afforestation 
levels of 4833, 6444, 8055 and 9666.  
IV.4 Results 
Applying SIMPLOT to the scenarios with different levels of new wood-production and 
bioenergy plantations allowed plotting wood volume available for harvest against wood 
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According to the projections, the potential wood volume between years 2018 and 2021, 
depending on the scenario, is not enough to satisfy wood demand. The amount of wood 
harvested is unstable and presents a cyclic behaviour.  
For the no biomass demand scenario (BD0), four pulp plantation levels were combined 
with the null bioenergy plantation level. None of these scenarios succeeded in meeting 
wood demand. However, as the area of new wood-production plantations increased, the 
volume deficit was reduced (Fig. 5). 
 
Fig. 5. Evolution of wood demand and harvested volume under the no biomass demand scenario 
combined with the four pulp afforestation scenarios considering no plantations for bioenergy.  
 
The simulated harvested volume under BD1 for the same combination of plantation levels 
used in the BD0 scenario indicated a similar pattern throughout the simulation period (Fig. 
6). Nevertheless, volume deficits are more severe under BD1 because the wood-
production forest was responsible for supplying wood and partially bioenergy demands. 
The remaining 12 afforestation levels combined with BD1 showed the same cyclical 
behaviour, with peaks of harvested volume nearly reaching wood demand after 2018 for 
some of the scenarios (Fig. 6). The highest levels of new wood-production plantations 
increased the potential volume to be harvested; in fact, the scenarios that allowed getting 
closer to meeting wood demand were those with areas of new wood-production 
plantations greater than 6444 ha year-1. Moreover, for the same level of new pulp planted 
areas, the amount of wood available for pulp increased with the areas planted for 
bioenergy. This was mainly because the use of pulp planted stands for bioenergy was 



















































































































4833 ha year-1 6444 ha year-1 8055 ha year-1 9666 ha year-1
 Development of forest simulation tools for Eucalyptus in Portugal  
 
84 Chapter IV | Susana Barreiro, 2012 
 
 
Fig. 6. Evolution of wood demand and harvested volume under the 0.9% biomass demand 
scenario combined with 16 afforestation scenarios varying in the proportion of wood-production and 
bioenergy plantations.  
 
The cyclical behaviour of simulated harvested volume results from the forest area 
fluctuations by age class combined with forest productivity. After 2011, a reduction in 
forest area for the older age classes can be observed. Consequently, from 2021 onward, 
just the area from age class 8 is harvested, except for the years of 2026 and 2036 (Fig. 
9). For these years, the distribution of forest area by age class allows going back to 
harvesting again in age class 9, which justifies the peaks of harvested volume observed in 
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around 10 m3 ha-1year-1 at age 10 supports the idea that forest resources were being 
depleted. 
The use of biomass for energy was graphically analyzed by source of biomass (Fig. 7).  
 
Fig. 7. Evolution of harvested biomass by biomass source: SourceResidues; SourceEnergy and 
SourcePulp. B_demand is the biomass demand and B_soil is the biomass of the residues that left on 
the soil. 
 
Forest residues (SourceResidues) that comprise burned and harvesting plus thinning 
residues proved to be the biggest contributor for bioenergy supply. This justifies the 
problem of meeting biomass demand when wood demand in no longer secure because, if 
there were no stands to be harvested for wood supply, no residues would be produced to 
increment the SourceResidues. 
Results showed a high amount of soil residues present during the first decade of 
simulation. On one hand, this reflected the reduced consumption given the small number 
of bioenergy plants operating at that time, and on the other hand, the high amount of 
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the severe forest fires of 2003 and 2005. Also, simulated soil residues showed a drastic 
drop as biomass demand increased, indicating the use of residues as a biomass source. 
Whenever there was not enough biomass in the SourceResidues, new wood-production 
plantations for pulp were responsible for securing biomass supply, which was highlighted 
under the scenarios of no plantations for bioenergy. This explains the more negative 
impacts in terms of available volume registered for the no bioenergy plantations scenarios 
under BD0 and BD1. Also, wood-production plantations helped satisfying biomass 
demand whenever biomass deriving from SourceResidues and SourceEnergy was unable to 
cope with the needs. 
For a given pulp plantation area the negative impact of using biomass for energy can be 
partially offset by the increase in bioenergy plantations (BD1_4833_0, BD1_4833_1666, 
BD1_4833_3222 and BD1_4833_4833).  
Simulations showed that the BD1 harvested volumes were considerably lower than the 
ones from BD0, which indicated the negative impact of bioenergy demand on the potential 
volume to be harvested for pulp. Volume deficits are considerably smaller for higher pulp 
plantation levels. So, in terms of wood demand, the best scenario is the one considering 
the highest pulp plantation level, BD1_9666_0. However, if the objective is to maximize 
the two demands, the choice would fall upon a scenario combining a favourable pulp 
plantation level with a reasonable bioenergy plantation, such as 6444 ha of wood-
production areas combined with 3222 ha for bioenergy (BD1_6444_3222).  
 
IV.5 Discussion 
The objective of this simulation study was to assess the impact of using biomass for 
energy on wood available for the pulp industries. In this sense, some of the assumptions 
and constrains were established in order to guarantee maximum biomass removal. In this 
study, the different scenarios were forecast based on several assumptions and some 
constraints that must be accounted for when explaining the results obtained. The most 
important points to note are the lack of statistics related to biomass demand, specially the 
lack of knowledge about the quantity of eucalyptus consumed by the bioenergy plants.  
It was considered that as bioenergy demand increased, more harvesting residues were 
removed from the forest soil, contributing for the SourceResidues. This is shown by the 
decline in soil residues as biomass demand increases (Fig. 7). In reality, the removal of 
soil residues is usually less intensive in stands managed for pulp, as was observed in this 
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study. First, the most intensive harvesting method, responsible for the removal of tops, 
bark and branches of the whole tree, was considered, whereas it is common for bark or 
tops to be left on the soil. Second, the biomass resulting from the shoot selection 
operation was considered to fully integrate the SourceResidues, whereas in most cases it is 
left on the soil because of high transportation costs. Finally, when harvesting residues are 
removed, the efficiency of the operation is always less than 100%. However, if some 
biomass components had been left on the site, bigger contributions would have had to 
come from other sources to satisfy biomass demand, namely from stands planted for 
bioenergy or even from those planted specifically for pulp. If harvesting residues are left 
on the soil, nutrient removal is reduced, and they also help protect against soil erosion. 
Even though recent studies have shown that, for Mediterranean conditions, retaining 
harvest residues on the soil surface does not increase tree growth compared with 
removing it (Jones et al. 1999, Madeira et al. 2010). Only the incorporation of harvest 
residues, despite the negative effects caused by harrowing, show a positive effect on tree 
growth (Madeira et al. 2010). In turn, bioenergy plantations (SourceEnergy) were assumed 
to be more intensively managed than pulp stands (see Table 2 in the Appendix) based 
on the type of management practiced for willow (Salix sp.) and poplar (Populus sp.) in 
northern Europe, removing all aboveground biomass from the site without any 
environmental concerns.  
However, these assumptions have no implications for productivity projections because 
SIMPLOT, being based on empirical growth models, does not have the flexibility to 
adequately account for nutritional issues. Furthermore, the assumption did not have a 
negative effect on biodiversity as the removal of harvesting residues has been proven not 
to reduce understory species diversity (Carneiro et al. 2007).  
Most Portuguese forests (73%) are privately owned, with privately owned eucalyptus 
forests belonging to two types of ownerships: (1) those who make the investment without 
maintenance concerns and collect the profits of final felling; and (2) those who make the 
investment, manage the forest, and cut it whenever an unexpected need arises (Baptista 
and Santos 2005). In this context, and despite the pulp and paper industries being 
responsible for the sustainable management of 154.45 thousand ha of eucalyptus forest 
(CELPA 2011), sustainable forest management is difficult to achieve at national level 
without negative consequences on forest productivity. Furthermore, some forest owners 
have started selling their wood for bioenergy purposes because it pays off. However, 
given biomass energetic efficiency, and despite the climatic impact policies that 
encourage the use of biomass for energy, biomass should be used for heat production 
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and cogeneration instead of dedicated electricity production. Moreover, the use of wood in 
industries brings about more added value and higher employment in the forest sector than 
if it were used for energy production (Fig. 8). For the above-stated reasons, this study 
also assumed that pulp stands could be harvested for bioenergy production (SourcePulp) 
when wood demand had already been satisfied. As a consequence of this assumption, 
biomass deriving from SourcePulp was used to satisfy the corresponding demand for 
scenarios with bioenergy plantations of less than 1611 ha year-1 (Fig. 7). 
 
Fig. 8. Compared added value and employment related to the pulp and paper industry and 
bioenergy (adapted from CELPA (2006)). 
Apart from the assumptions on which SIMPLOT was based, a few constraints set by 
simulation parameters should also be discussed, such as the minimum age for harvesting 
and the harvesting probabilities, as well as the harvesting method. Portuguese eucalyptus 
forests are experiencing an overharvesting situation that has been mentioned in other 
studies (Nabuurs et al. 2007). When wood demand is not met, this means that not enough 
volume, or no volume at all, was harvested for that year. Analyzing the distribution of 
areas by age classes, BD1_6444_3222 scenario as an example (Fig. 9), it is clear that 
stand structure has suffered an enormous change that started with the big fires of 2003 
and 2005 and was thereafter accentuated by the harvesting pressure to satisfy wood 
demand. After 2021 there was not enough volume available to meet wood demand 
because there was no area in the age classes older than 8 years. This can be explained 
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by the minimum age for harvesting assumed in the simulations that was set at the age of 
8 years and by a higher harvesting priority that was established for older stands.  
As long as forests ensure meeting wood demand the first source of biomass is 
guaranteed up to some extent, otherwise there might be the need to plant specifically for 
energy. In this case, it might be wise to choose a different eucalyptus variety or even a 
different species. According to some studies there are eucalyptus species other than E. 
globulus with better coppicing ability and higher yields (Sims et al. 1999). 
Bioenergy production stands were simulated with an adapted version of the Globulus 
model developed from spacing trials data to simulate WP stands. To provide more 
trustworthy simulation results for highly dense stands, research on the productivity of 
bioenergy plantations is needed to provide data for a new model to be developed for this 
purpose based on E. globulus trials, or any other variety/species. 
Increasing new pulp plantation areas could be an answer to satisfying wood demand. 
However, when discussing the potential conflict between bioenergy and pulp, it has to be 
taken into account the fact that eucalyptus is an exotic species and that the Nature and 
Biodiversity Conservation Institute (ICNB) has made efforts to classify it as an invasive 
species. Eucalyptus is considered by many not to fit local natural ecosystems. Given this 
pressure, eucalyptus forest area is not likely to increase much more in the future. A 
solution may be the intensification of silviculture to improve productivity and an 
improvement of management in a large proportion of the privately owned eucalyptus 
stands.  
Apart from this, the situation of the pulp industries in Portugal has to be considered. In 
2008 wood imports represented 13.1% of wood consumption, while in 2010 the number 
raised up to 26.8%, this is partly due to severe fires that occurred in the past which have 
depleted forest resources (CEPA 2009, CELPA 2011). Moreover, after the investment 
made by pulp and paper industries to double production capacity while facing a 52.6% 
decline of raw material when compared to 2008 (CELPA 2010), it is expected that imports 
will grow even more so that wood demand can be meet in the future. At the same time, in 
2010 exports of pulp and paper have increased 3.1% when compared to 2009. 
 Development of forest simulation tools for Eucalyptus in Portugal  
 
90 Chapter IV | Susana Barreiro, 2012 
 
 
Fig. 9. Evolution of area by age class and stand type for a scenario considering 6444 ha of new 
plantations for pulp combined with combined with 3222 of new bioenergy plantations 
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IV.6 Conclusions 
The simulations show that under the current situation in Portugal, and assuming that 
biomass demand is satisfied before bioenergy demand, increasing biomass demand up to 
the considered level will not have a major impact on wood available for pulp production, 
as long as bioenergy plantations are established to secure the supply of biomass demand 
avoiding wood from being used as energy. However, forest was not capable of satisfying 
wood demand even when biomass demand was disregarded. This situation could be less 
problematic if higher afforestation levels were considered. However, eucalyptus is a 
controversial species and a big expansion in terms of area might be excluded. Therefore, 
pulp and paper industries will have to focus on alternative measures to increase 
productivity and wood quality in order to satisfy wood demand and reduce or maintain 
their level of imports, such as the use of improved genetic material and sustainable forest 
management practices and also by enforcing fire prevention in order to reduce burned 
areas.  
Some of the assumptions and constraints that were used resulted from the deficient 
information regarding the present situation of bioenergy production in Portugal. This lack 
of reporting resulted in several assumptions that cannot be demonstrated for the time 
being and that were deliberately exaggerated, in order to explore the future biomass 
availability, such as the amount of eucalyptus consumed in each plant and the exact 
number and capacity of future plants to be set. However, the simulation results under the 
different scenarios showed that the simulator can be used to forecast wood available for 
pulp and paper industries and the potential biomass deriving from forests to supply both 
demands. Furthermore, it allows assessing the contribution of each biomass source to 
meet biomass demand, but also set up a landmark to evaluating future scenarios. 
SIMPLOT’s predictions have been evaluated using data from consecutive inventories and 
the results have proven its accuracy (Chapter V). This gives more credit to the results 
making the simulator an extremely valuable tool for eucalyptus in Portugal as well as for 
any other species provided that the new species-specific growth functions are introduced 
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IV.8 Appendix  
Detailed description of the simulation parameters and forest management approaches 
considered in the case study. 
 
Wood-production stands (WP) are managed as a planted stand followed by two coppice 
stands before replanting occurs with final harvest, whereas bioenergy production stands 
(BP) are managed as a planted stand followed by three coppiced stands. All rotations in 
BP stands are characterized by a rotation length of 5 years. Table 1 summarizes the 
silvicultural operations practiced for each FMA, rotation and age. 
 
Table 1 Detailed description of the forest management approach considered in the case study.  
FMA Rotation Age Silvicultural operations 
WP 
1 
1 Planting (1250 trees/ha) and fertilization at planting 
2 Weed control and beating up 
4, 7 and 11 Weed control and fertilization 
16, 22 and 28 Weed control 
2 and 3 
3 Weed control and shoot selection (1.6 sprouts per stool) 
5 and 8 Weed control and fertilization 
12, 17, 23 and 29 Weed control 
BP 
1 
1 Planting (5000 trees/ha) and fertilization at planting 
2 Weed control and beating up 
4 Weed control and fertilization 
5 Final harvest 
2 until 3 
1 Fertilization 
2 Weed control and fertilization 
4 Weed control 
For WP final harvest can occur at any stand stage as long as the stand is older than the minimum age for 
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The usual age for even-aged stands final felling was considered to be 12 years, but it can 
vary according with the need for wood. The harvesting method/system consists in 
removing tops, bark and branches. Table 2 contains the simulation parameters used in 
the simulations. 
 
Table 2 Simulation parameters considered in the case study. 
Number of years to project 
42 
Minimum age for industrial use of wood after a fire (years) 
5 
Proportion wood industrially used after fire 
0.6 
Proportion of old/sparse non-industrial stands harvested 
0.1 
Proportion uneven-aged stands harvested  
0.1 
Minimum age for harvesting 
Nr of age classes 
Even-aged stands harvesting probability: 
    Age= 8   
    Age= 9   
    Age=10   
    Age=11   
    Age=12   
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Using consecutive National Forest Inventories to validate regional forest 
simulators. An application to the regional simulator SIMPLOT in Portugal. 
Chapter V 
V.1 Abstract 
In the past few years in Portugal, the losses caused by severe forest fires on Eucalyptus 
globulus plantations in conjunction with the increase of wood demand for the pulp and 
paper industries emphasised the need for a tool capable of evaluating the impacts of 
disturbance factors at a national level. SIMPLOT regional simulator was conceived to 
simulate eucalyptus stand growth in a region. The simulator is initialized with NFI plots 
and forest resources are updated using growth models in order to predict the evolution of 
forest condition. The simulator is mainly driven by wood and biomass demands, but fire 
occurrence, land use changes and changes in management are also considered.  
The main objective of this study was to validate SIMPLOT’s projections running the 
simulator with historic data and, secondly, to identify existing aspects of the tool that might 
need to be improved. SIMPLOT was initialized with data from the 1995-1997 NFI and a 
business as usual scenario based on official statistics reflecting reality for the period of 
1997 to 2007 was run. Subsequently, simulation results for standing volume and forest 
area distribution by age classes were compared to forest inventory data conducted 
between 2005 and 2007. Results of validation showed that SIMPLOT is capable of 
making reliable large scale projections for standing volume. In terms of the distribution of 
forest areas by age classes, simulation results were reasonable for all stand types except 
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V.2 Introduction 
Over the last decades eucalyptus forest area in Portugal has increased from 70 thousand 
hectares in 1965 (DGSFA 1966a, DGSFA 1966b) to around 740 thousand hectares in 
2005 (AFN 2010). The expansion was achieved at the expense of a reduction of 
uncultivated land and marginal agriculture, but greatly promoted by pulp and paper 
industries in an attempt to secure their raw-material supply (Borges and Borges 2007). 
Presently, 23% of the Portuguese forests are covered with Eucalyptus globulus which is 
the second most representative species in the country in terms of area, being of extreme 
importance to the Portuguese pulp and paper industry (AFN 2010). The contribution of the 
Portuguese forest sector to the gross value-added in percentage of the gross domestic 
product is 1.7%, which places Portugal above the average European contribution (Castro 
Rego 2011). Over the last decade, the incidence of severe forest fires combined with the 
recent increase in production capacity registered in the pulp and paper industries led to an 
increase in wood demand that implied an increase in imported wood. In 2009, around 
20% of the wood used to supply the industry was imported (CELPA 2010). The increase 
in imported wood observed after 2006 can be seen as indicative of the harvesting 
pressure on eucalyptus forest in Portugal. In 2010, the forest sector represented 10.3% of 
the national exports with pulp and paper leading the sub-sectors representativeness with 
5.7% (Honório 2011). The inability of eucalyptus forest to supply wood demand and its 
extreme importance for the national economy emphasized the need to predict future 
productions accounting for the effects of markets, disturbance factors and management 
providing more than just stand development. The present needs and the current flow of 
information in forestry practice can only be met by more complex computerized models or 
simulators with the capacity to respond to this wide range of factors (Pretzsch et al. 2002). 
SIMPLOT, a eucalyptus regional simulator based on National Forest Inventory (NFI) plots 
as input, was created to forecast the evolution of eucalyptus forests in order to assist 
forest managers and policy makers in their decisions (Barreiro and Tomé 2011). 
SIMPLOT covers all types of stands taking into account several external drivers such as 
wood demand, fire occurrence and Land Use Changes (LUC) allowing predicting the 
evolution of forest resources under different scenarios. Projections obtained from running 
regional simulators are often used by policy makers to assist and support their decision 
making process. For this reason, before models and simulators are used there is the need 
to validate these tools to increase the credibility and gain sufficient confidence about its 
outputs (Soares et al. 1995, Vanclay and Skovsgaard 1997, Yang et al. 2004).  
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The aim of this study was to validate SIMPLOT’s results in order to show how faithfully its 
outputs represent reality and help identify potential problems or weaknesses of this tool. 
Projections were made under a scenario based on the official statistics available so that 
reality was illustrated as best as possible for the period in question. The study was 
enriched by testing different sets of harvesting probabilities by age classes under the 
same scenario to see which reflects more accurately the average harvesting criteria 
applied during the 1995-2005 decade. 
V.3 Methods 
V.3.1 Overview of SIMPLOT regional simulator 
The SIMPLOT simulator has been described in detail elsewhere (Barreiro and Tomé 
2011, Barreiro and Tomé, in press). It starts with forest inventory information at plot level 
and uses a set of forest growth models to predict long-term development of forest 
resources in the region taking into account the influence of wood and biomass demands, 
fire, land use changes (LUC) - afforestation and deforestation - and changes in forest 
management. SIMPLOT’s growth module is composed of stand level models: Globulus 
3.0 (Tomé et al. 2006a) and GYMMAnlin (Barreiro et al. 2004) models that update forest 
resources before the drivers are applied. The drivers are implemented in two steps: 1) the 
total amount of each driver is given as input through the scenario file; 2) the probability of 
occurrence of the event for each stand and the selection of stands to be affected, which, 
depending on the driver, maybe estimated according to a fixed probability (simulation 
parameter) or according to a probability function and implemented with Monte Carlo 
simulation. In case the event occurs, the simulator takes a specific action depending on 
the event (Barreiro and Tomé 2011). 
Simulation runs depend on a series of simulation parameters defined by the user. 
SIMPLOT is organized in several modules and operates based on a set of assumptions 
such as: all burnt stands are harvested and a certain percentage of salvage wood is 
always considered; fire causes leaves, bark and branches biomass reductions of 100%, 
40% and 25%, respectively; only stands that have been harvested can be either 
abandoned, replanted under the same FMA or under a different one; and that wood-
production stands can be harvested to meet biomass demand for energy in case wood 
demand has been met. It also assumes that fire occurs after half of the annual growth has 
been attained, which is a reasonable assumption because fires usually occur during most 
of the growing period. As for harvest, it is assumed that it takes place when half the 
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annual growth has been achieved because eucalyptus stands can be harvested during 
the whole year. Assumptions concerning stand structure are also considered: the areas of 
gaps and clumps are assumed to be maintained throughout the simulation period while 
the areas of uneven-aged stands tend to be reduced because after harvest stands are 
replanted as even-aged stands and no conversion from even- to uneven-aged stands is 
considered.  
After growth has been updated, the fire module runs using Monte Carlo simulation to 
select which stands will be burnt. The annual probability of burning is assumed to be 
equal for all stands and computed using the total area affected by fire for each particular 
year defined in the scenario. The percentage of salvage wood for pulp is a simulation 
parameter. As the module runs, burnt area is accumulated until the area defined in the 
scenario for each year of simulation is met. It is assumed that after a fire occurs, the stand 
is harvested and part of its wood is used as salvaged wood. Non-burnt stands are 
selected for harvesting with Monte Carlo simulation and the harvesting probabilities 
associated to each age are defined by the user. Harvested volume is added to the volume 
of salvage wood. The sum is compared with the wood demand defined in the scenario 
and harvesting goes on until wood demand is met. Before the simulation of the next year 
starts, afforestation and deforestation are taken into account. A site index is assigned to 
each new stand to initiate the simulation process. New stands are planted until the total 
area of new plantations meets the area in the scenario. In respect to deforestation, a 
probability function depending on the stands’ climatic region was implemented by Monte 
Carlo simulation and is used to decide which stands are abandoned. The last drivers’ 
module to run is the FMA’s one which defines the percentage of changes that takes place 
in each year of simulation between the different FMA’s. 
In Portugal eucalyptus mixed stands represent a small percentage of the eucalyptus forest 
area. There are no growth models available for mixed stands. So, one way of forecasting 
the evolution of mixed stands is correcting the areas of the mixed stands converting them 
into pure stands and using sand level growth models developed for pure stands. Due to 
the small area of mixed stands, the methodology applied to contour mixed stands’ 
simulation is not considered to have a large influence on the results. In order to make 
results comparable to the area of the validation dataset the area of mixed stands for year 
2007 was also corrected. 
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V.3.2 Evaluation of models and simulators – the SIMPLOT case 
Growth and yield models are essential tools for forest management planners. However, 
decisions are always influenced by the accuracy of projections provided by the models. 
Because models and simulators are simplifications of reality they should always be 
evaluated before being used. Stage (2003) states that a model used for supporting 
decisions should have the bias and the precision of its forecasts quantified. The same is 
valid for simulator’s validation. Validating a model or a simulator can be considered as a 
way to define a certain level of confidence in its forecasts providing information on 
whether it is adequate for a particular use (van Horn 1971).  
The evaluation of a model or a simulator can be achieved by testing the tool using 
verification and validation procedures (Fig. 1). Verification consists of checking that the 
model or simulator is carrying out its instructions correctly, while the validation process is 
responsible for comparing projections to “real world” observations through the use of 
subjective or objective approaches (Cawrse et al. 2010). 
 
Fig. 1. The evaluation process of simulation models (adapted from Schlesinger 1980). 
 
The first step in the process of developing a simulator consists of conceptually designing 
the structure and the functioning of the simulator in a conceptual form so that it can mimic 
reality (simulator qualification). Despite based on growth models, a simulator also has to 
account for other issues such as the inclusion of the drivers and the set of assumptions on 
which the simulator’s functioning is based that are independent of the growth models’ 
accuracy but also affect the simulators accuracy. Afterwards, there is the need to assess 
whether the programming instructions are given correctly and if the algorithms are 
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capable of expressing the conceptual form of the simulator that was previously defined 
(simulator verification). Finally, the simulator needs to be validated which consists of 
comparing the simulator’s outputs to reliable data. Different approaches can be used to 
validate long-term forest projection simulators (Nabuurs et al. 2000): 1) validation of the 
component growth functions by comparison with real data or with growth functions of 
another models; 2) comparing its projections with projections from other simulators carried 
out for the same forest, region and period; and 3) running the simulator using historic data 
as input and comparing the simulated results with real data from some point in the future.  
The first approach was not considered for SIMPLOT because the simulator already 
integrates the most commonly used growth models developed for eucalyptus in Portugal 
and these have already been thoroughly validated. Moreover, just validating the growth 
functions would not allow validating the application of the drivers/scenario. The second 
approach could not be applied as at present there is no other regional simulator to use for 
comparison. 
The validation approach applied in this study was running the simulator initialized with 
data from NFI 1995-1997 (historic data plus published statistics for defining the scenarios) 
and compare the projections with the NFI data from 2005-2006. The ideal would be to 
have long time series of data with detailed information on stand level to validate models 
and simulators. However, in the particular case of validating regional simulators using 
national forest inventory data as input was the solution because no long term series of 
data from permanent plots were available for the whole country. The same approach was 
used to validate EFISCEN (Thürig and Schelhaas 2006, Nabuurs et al. 2000), and had 
also been used before for other situations (Manley 1998, Clawson 1979). When compared 
to other approaches, using historic data to define the drivers and predict the actual state 
of forests from a previous state has the advantage of allowing validating the simulator as a 
whole accounting for all its modules’ interactions. 
V.3.3 Data 
Portuguese National Forest Inventory was initiated in the 1960s. Thereafter, periodic NFIs 
have been conducted, more or less every 10-years, based on different sampling designs 
(Barreiro et al., 2010). NFI 1995-1997 (NFI4) started in 1995 with aerial photography 
production followed by the photo-interpretation of 136836 photo-point. Photo-interpretation 
was conducted in 1996-1997 and the forest areas were evaluated by qualitative sampling. 
A grid was laid over each aerial photograph for photo-interpretation purposes and field 
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plots were systematically selected by stratum in proportion to the number of photo-points 
in the stratum. Field work was undertaken in 2211 concentric fixed area circular plots (783 
eucalyptus plots) between July 1997 and April 1998. For this reason, field work is 
assumed to characterize forest resources by the end of 1997 (Tomé et al. 2010). All trees 
with a diameter at breast height (dbh) greater or equal to 7.5 cm were measured. Trees 
below this threshold were counted in a satellite of 5 small plots located inside the field plot 
(50 m2 in total). Afterwards, standing volume was calculated for the most important tree 
species including eucalyptus.  
Ten years later new aerial photography was produced for NFI5 that was to a great extent 
motivated by the 2003 and 2005 severe wildfires that jeopardized the viability of the 
Portuguese forest. It was crucial to obtain area and volume information for the main wood 
production species, maritime pine and eucalyptus. Unlike the previous forest inventory, 
NFI5 was based on a regular 2km x 2km dot grid covering the whole country. The 
coordinates of each NFI field plot matched a photo-point in the finer dot grid (500m x 
500m) used for photo-interpretation. Forest area was estimated based on the photo-
interpretation of 355737 points. Field measurements took place between December 2005 
and December 2006 in 8860 field plots. Most of the field work was finished before June 
2006, thus it is assumed to represent forest resources by the end of 2005 (Tomé et al. 
2010). Eucalyptus production was assessed in 1765 fixed area circular plots with areas of 
500 m2 or 2000 m2 for strata where cork or holm oaks were dominant. Eucalyptus with a 
dbh greater than 5 cm were measured (the diameter threshold for all other tree species 
was 7.5 cm). With respect to structure, vitality, biodiversity and production an evaluation 
was carried out for the plots classified as forest, other wooded land or shrubland. Trees 
below the diameter threshold were counted like in the previous NFI (Barreiro et al. 2010).  
According to the national forest service - DGF statistics (2001) eucalyptus stands in 
1995/1997 were mainly pure even-aged stands (573,231 ha), although some mixed, both 
dominant and dominated eucalyptus stands, and uneven-aged stands could also be found 
(Table 1). Stands for which eucalyptus is responsible for less than 75% of the total forest 
cover are classified as mixed eucalyptus stands. These stands can be designated as 
dominant if eucalyptus is the most abundant species or dominated otherwise. 
Age is one of the most important variables for growth and yield modelling in even-aged 
stands. However, for stands composed of trees that differ markedly in age and sometimes 
in species at stand level, age cannot be used to predict growth and yield. Despite its 
importance, age is often a variable of difficult determination in National Forest Inventories 
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being especially hard to assess for fast growing species with no well-defined tree rings 
like is the case of Eucalyptus (Tomé et al. 2006b). Unfortunately, field crews involved in 
NFI5 were not specifically trained to visually estimate the age of eucalyptus which resulted 
in deficient age estimates. 
Table 1. Area and volume of eucalyptus stands by stand composition for 1997 and 2005.  
   Pure Stands Dominant Stands Dominated Stands Total 
1997 
Area (ha) 573231 98918 133397 805546 
Volume (10 m
3
) 24985 6571 3341 34897 
2005 
Area (ha) 646543 92972 86926 826441 
Volume (10 m
3
) 32990 5711 4167 42868 
The NFI4 plot data was used as input in SIMPLOT and the output projections of standing 
volume were compared to the present state of the forests (NFI5). However, the poor age 
estimates resulting from NFI5 were inappropriate for validating the distribution of forest 
area by age classes. The alternative was using the Pulp and Paper Industry Association 
(CELPA) database containing the NFI plots that were revisited and measured in 2007 by 
field crews specifically trained for estimating age in eucalyptus stands. In accordance with 
the information provided by CELPA database, stand structure was characterized and 
forest area was distributed by age classes (Table 2). 
 
Table 2. Area in hectares of eucalyptus stands distributed by stand structure. 




 <4 [4-8[ [8-12[ [12-16[ [16-20[ Old 
2007 209,423 218,320 125,669 36,360 984 6,084 157,222 65,398 
 
V.3.4 SIMPLOT application 
V.3.4.1 Input data  
The data used as input to run SIMPLOT was the set of 786 eucalyptus plots from the 
National Forest Inventory of 1995-1997 (NFI4). A study carried out before NFI5 (Paulo 
2001) showed that the eucalyptus volume equations used in NFI4 were biased leading to 
an underestimation of stand volume. As a consequence of Paulo’s study, new volume 
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equations were used in the NFI5. In order to harmonize volumes from NFI4 and NFI5, 
NFI4 volumes were recalculated using the same volume equations (Tomé et al. 2007). 
SIMPLOT growth module integrates the growth models available in Portugal. Pure even 
aged stands are projected with Globulus 3.0 model (Tomé et al. 2006a), while GYMMAnlin, 
developed for projecting stands of unknown age, is applied to project uneven-aged stands 
(Barreiro et al. 2004).  The area of eucalyptus mixed stands (232315 ha) was converted 
into an equivalent area of pure stands. This was achieved by assuming that each plot in a 
mixed stand, usually with E. globulus and Pinus pinaster, is equivalent to two even-aged 
plots with an area estimated according to the percent contribution of the species volume 
to the total volume in the plot. The conversion resulted in a reduction of the eucalyptus 
forest area down to a total of 674,908 ha of pure stands with a corresponding standing 
volume of 41.94x106 m3, area that was considered in the simulation. This methodology 
was applied to NFI4 and to CELPA data from 2007 in order to allow validating the 
distribution of forest area by age classes. Because harvesting operations are not 
concentrated in any particular period of the year two annual simulated volumes were 
compared, one corresponding to the beginning of the year and the other to the end of the 
year.  
V.3.4.2 The scenario used 
The scenario, characterized by the total amount of the drivers and by a set of simulation 
parameters, was defined for a planning horizon of 10 years. Eucalyptus wood demand 
and burnt areas were obtained from the Portuguese official statistics (Pereira et al. 2010). 
Fig. 2 shows the evolution of these drivers for the period between 1997 and 2007. 
 
Fig. 2. Evolution of wood demand (volume under-bark) and burnt area for the eucalyptus forest 
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The total area of new plantations was obtained by the difference of the eucalyptus forest 
areas registered in NFI4 and NFI5. Until 2000, the annual area of new plantations for pulp 
was considered constant and it was based on the average of new plantations reported in 
the statistics for the period of 1995 to 2000 (Pereira et al. 2010), the last period for which 
this information was available. From 2000 onwards, the afforestation up to 2000 was 
discounted of the forest area balance from NFI4 to NFI5. The remaining area of new 
plantations was equally distributed over 2001 and 2007.  
Deforestation was set as a proportion of the existing total forest area. The proportion was 
based on the average value of land whose use changed from forest to other uses reported 
for the period from 1986 to 2000 in each year (Pereira et al. 2010).  
Biomass demand and new planted areas for bio-energy purposes were not considered for 
the period from 1997 to 2007. At the same time, no significant changes were registered in 
forest management for this period so the transitions between forest management 
approaches were disregarded (Table 3).  
 

















1998 4096 8 4833 0.0012 
1999 4523 5 4833 0.0012 
2000 4632 10 4833 0.0012 
2001 4907 10 913 0.0012 
2002 5368 18 913 0.0012 
2003 6041 81 913 0.0012 
2004 6692 18 913 0.0012 
2005 7278 71 913 0.0012 
2006 7104 14 913 0.0012 
2007 8519 4 913 0.0012 
Where, W_demand represents Wood demand, ABurnt the burnt area, APlantW the area of new 
plantations for wood production and Aband the area that used to be forest and has been changed 
to a different use. 
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V.3.4.3 Simulation parameters 
It was established that 50% of the wood coming from burnt eucalyptus stands older than 5 
years was salvaged (Pereira et al. 2010). It was also defined that stands younger than 8 
years were not harvested and that the harvesting probability increased with age. Three 
sets of harvesting probabilities were defined: the first ascribing almost equally high 
harvesting probabilities to all age classes (Prob1); a second one that clearly set higher 
probabilities for the older age classes (Prob2); and finally an intermediate set of 
probabilities (Prob3). Table 4 shows the simulation parameters used in the case study. 
 
Table 4. Simulation parameters considered in the case study describing the three sets of 
harvesting probabilities. 






Number of years to project 
Minimum age for industrial use of wood after a fire (years) 
Proportion wood industrially used after fire 
Proportion of old/sparse non-industrial stands harvested 
Proportion uneven-aged stands harvested  
Minimum age for harvesting 8 
Nr of age classes 6 
Even-aged stands harvesting probability: Prob1 Prob2 Prob3 
    Age= 8   
    Age= 9   
    Age=10   
    Age=11   
    Age=12   




















The simulator was run several times which lead to different results as a consequence of 
the application of the drivers being based on Monte Carlo simulation. This allowed the 
computation of confidence intervals that were compared for each simulation run 
considering a confidence of 95%. 
 
V.4 Results  
V.4.1 Simulator qualification 
SIMPLOT’s structure and functioning were conceived based on the analysis of the forest 
sector in Portugal and on discussions with forest managers in order to deliver a tool 
capable of meeting their requests. Risk modelling, namely fire occurrence, is a good 
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example of the interaction between the simulator designers and the forest managers. The 
susceptibility of the Portuguese forest to fires combined with the possibility of the pulp 
industry to use a considerable percentage of salvaged wood determined that the first 
external driver to run would be the driver fire, despite SIMPLOT is mainly driven by wood 
demand (Barreiro and Tomé 2011). In this way, after an extremely severe fire, if the 
harvested salvage wood is enough to meet wood demand, non-burnt stands are saved 
from being harvested.   
V.4.2 Simulator verification 
SIMPLOT was programmed in a modular form with the growth models integrating the 
growth module and each of the drivers being represented by one module or several sub-
modules. The growth module was verified comparing the simulation results obtained for a 
few randomly selected plots with the same simulations performed in an excel file. 
However, the growth models’ projection accuracy was assumed to have already been 
done by the models’ developers. Consequently, no validation was performed to the growth 
models. All the drivers’ modules and sub-modules were verified by exporting the outputs 
at plot level and confirming whether the simulator was following the instructions given to 
harvest, burn, plant and abandon according to what was conceptually defined. 
V.4.3 Simulator validation 
V.4.3.1 Standing volume 
Applying the simulator to NFI4 data for the period between 1997 and 2007 resulted in a 
concave simulated volume curve that decreases continuously after 2002. The results of 
the validation – comparison of NFI and simulated volumes for 2005 - showed that 
SIMPLOT was capable of making reliable regional projections for the considered period 
(Fig. 3).  
Projected volume for the beginning of year 2005 falls inside the NFI5 confidence interval 
(AFN 2010) regardless of the harvesting probability tested except for Prob2 being always 
close to the upper bound of the interval. Whilst, volumes predicted for the end of the year 
2005 of the simulation period tend to be closer to the lower bound of the interval. On the 
other hand, prediction errors observed for the three harvesting probabilities were higher 
for the beginning of the simulation, when stand growth has not been updated yet, than for 
the end. However, the best results are obtained when simulated volumes in the beginning 
of the simulation year and the ones from the end of the simulation year are averaged 
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which corresponds well with reality because the forest inventory took place for a long 
period throughout the year (Fig. 5).  
Volume projections show that SIMPLOT is sensitive to harvesting probabilities set for the 
different age classes. Examining the effect that the distribution of the three harvesting 
probabilities over the age classes had on standing volume (Fig. 3 and 5), it was clear that 
the sets of probabilities responsible for applying lower harvesting pressures for ages less 
or equal to 11 years produced the less accurate results (Prob2 and Prob3).  
 
Fig. 3. Comparison between SIMPLOT simulated volume and NFI5 volume for the three harvesting 
probabilities under the real scenario line. Standard deviations are represented by the dashed lines. 
 
V.4.3.2 Distribution of area by age classes 
After the areas of mixed stands were corrected (see section VII.2.4.1 Input data), the 
same age classes considered for the area validation dataset were applied to the 
simulation outputs. The distribution of forest area for the three different sets of harvesting 
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registered for the validation data set apart from the age class older than 16 and for the 
uneven-aged class. 
In general terms, the graphical analysis indicates that the three sets of harvesting 
probabilities seem to produce quite similar area distributions except for the age class 
containing the harvesting threshold. The sum of squared residues divided by the predicted 
forest area in each age class was calculated in order to illustrate possible differences 
between the three sets of probabilities and the results indicate that the values obtained for 
Prob1 are considerably higher than under Prob2 and Prob3. Results show that the three 
harvesting probabilities’ sets over-estimate the forest area for class [16-20[ and [20,…[, 
while the area of uneven-aged stands is under-estimated in more than 110 x 103 ha.  
 
 
Fig. 4.  Simulated distribution of forest area by age class for the three alternative sets of harvesting 
probabilities compared to CELPA’s areas. 
 
Higher harvesting pressures (Prob1) resulted in bigger shifts to the youngest age classes 
(below the harvesting threshold) at the expense of a reduction in the areas of harvestable 
age classes.  
V.5 Discussion 
This research presents a comparison between SIMPLOT’s projections for standing 
volume and forest area distribution by age classes with real data (obtained in the period 
2005-2007) when initialized with the information from a previous forest inventory. The 
validation approach selected, running the model on historic data, allowed validating 
SIMPLOT’s growth module as well as the interactions between the modules responsible 
for implementing fire, harvest, new plantations and deforestation. Portuguese NFI5 data 
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CELPA’s remeasurements to the NFI5 plots in order to minimize the errors in age 
estimation. 
V.5.1 Standing volume 
One of the simplifications of SIMPLOT is the way that was used to simulate the growth of 
mixed stands. An area correction is applied resulting in the conversion of mixed to pure 
stands, whose growth is afterwards projected using pure stands’ growth models.  Despite 
the straightforward approach, the evolution of eucalyptus total volume for 2005 was 
simulated quite accurately. The reason for this might be related to the small 
representativeness of eucalyptus mixed stands. However, more precise results would be 
expected if tree level growth models were integrated in SIMPLOT’s growth module for the 
simulation of mixed stands. 
The input and validation NFI data sets were obtained with two different methodologies 
(including different sample sizes), however, volumes were realistically estimated. Neither 
assumptions nor structural issues have apparently interfered with the simulation ability 
shown by SIMPLOT, proving its robustness. On the other hand, it is important to stress 
the difference in time between the two consecutive NFI’s. An 8-years simulation period 
might not be long enough for rising out conceptual deficiencies.  
Volumes computed for the end of the simulation year were closer to NFI5 estimated 
volume, which supports the fact, that for the beginning of the year neither growth nor the 
external drivers that characterize the scenario have been accounted for yet. In reality, 
forest fires have a higher probability to occur in the middle of the year and new areas are 
more often planted during spring, while stands can be harvested and abandoned 
throughout the year. Therefore, it is not unrealistic to consider that the average of the 
volumes predicted for the beginning and the end of the simulation year should agree quite 
well with the NFI data (Fig. 5). 
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Fig. 5. Comparison of NFI5 volume with SIMPLOT’s estimated volumes for half the year’s growth 
period for the three harvesting probabilities. 
 
Under Prob1, estimated volumes decreased faster than for the other probability sets. 
Furthermore, results pointed to a situation for which the higher and the more equally 
distributed by age classes the harvesting probabilities were, the bigger the deviation 
between the simulated volume and the inventory data was. This information seemed to 
indicate that the harvesting pressure on the younger age classes is not very high. This 
makes sense as practitioners know that it should be avoided in order to minimize 
depleting forest resources caused by overharvesting. 
It is clear that the evolution of simulated volume from 2002 onwards can reflect the 
sensitivity of SIMPLOT to the severe forest fires occurred in 2003 and 2005, but it might 
also be the consequence of the combination of the severe fire scenario and wood demand 
increase between 2002 and 2005.  
A comparative look at a simulation run for which the 2003 and 2005 severe wildfires were 
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Fig. 6. Comparison between SIMPLOT simulated volume and NFI5 volume for the three harvesting 
probabilities under a hypothetical scenario without the severe forest fires. Standard deviations are 
represented by the dashed lines. 
 
This simulation used the burnt areas considered for years 2003 and 2005 reduced from 
81 and 71 thousand hectares to 21 and 11 thousand hectares, respectively. The set of 
simulation parameters was maintained. Despite the decreasing tendency remained due to 
the increase of wood demand, the results obtained for the hypothetical scenario with no 
severe forest fires presented less accentuated decreases in terms of standing volume 
after year 2002, causing simulation results to drift from the NFI5 confidence interval. 
Moreover, the differences registered for the beginning of the year and the end of the year 
of simulation were less evident as well as the differences between the three probability 
distribution sets. This can be indicative of the high pressure eucalyptus forests have been 
under after the severe fires occurred over the last decade that drastically affected the 
distribution of growing stocks by the different age classes. SIMPLOT has shown before 
that the severe wildfires of 2003 and 2005 are responsible for the carbon stock depletion 
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drastic consequences are (Barreiro and Tomé 2011). Therefore, it is clear that the results 
found in this study concerning SIMPLOT’s sensitivity to severe forest fires correspond well 
to previous findings. Overall, it can be concluded that the simulated standing volume was 
in good agreement with the NFI5 data used for validation. 
 
V.5.2 Distribution of area by age classes 
The simulated area distribution’s present a decreasing tendency with age class for even-
aged stands that corresponds well with the behavior found in the validation dataset. 
The most striking deviation of SIMPLOT’s predictions was on the simulation of areas for 
uneven-aged stands. This finding is not surprising considering that the regional simulator 
assumes no conversion of even-aged to uneven-aged stands and that these stands can 
be burnt or harvested as any other stand over the simulation period. Despite, this 
simplification could be the most important a reason to explain the results, another possible 
cause could be the harvesting probability defined as a simulation parameter (Table 4). To 
test for this hypothesis, alternative simulation runs were made with null harvesting 
probability for uneven-aged stands and old stands to see if this could compensate for the 
fact that SIMPLOT disregards that some even-aged stands are converted to uneven-aged 
stands during the simulation period. The graphical analysis showed an increase in the 
simulated area of uneven-aged stands, but projections for the other age-classes became 
worse (Fig.7). In fact, setting the harvesting probability of uneven-aged stands to zero 
proved to minimize the difference between observed and projected areas in this class. 
However, a substantial difference can still be found because these stands have the same 
probability of burning as other stands being subsequently harvested after a fire.  
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Fig. 7.  Simulated distribution of forest area by age class for the three alternative sets of harvesting 
probabilities compared to CELPA’s areas considering a harvesting probability of zero for uneven-
aged-stands. 
V.5.3 Limitations 
Similarly to EFISCEN, SIMPLOT was created to be applied to forests experiencing stand 
replacing disturbances like fire and harvesting by clear-cut events which tend to originate 
even-aged stands. Despite eucalyptus is mainly managed as even-aged forest to be used 
by the pulp and paper industry, Portuguese forests are also characterized by a small 
percentage of old uneven-aged stands and by sparse stands defined as non-industrial 
due to its reduced management. Estimating age is particularly difficult for free growth 
species such as eucalyptus and should be seen as an important uncertainty to be 
accounted for in the validation process. In an attempt to minimize the consequences of 
age being poorly estimated an alternative dataset was used to validate the distribution of 
forest area by age-classes despite age also being estimated in this dataset. Additionally, 
the limited comparability between the two inventories (NFI4 and NFI5), because of the use 
of different definitions and methodologies, represented another uncertainty. 
Apart from all the uncertainties related to data and scenarios that should always be 
considered when validating regional scenario simulators, the results obtained for 
simulated standing volume were very similar to the forest inventory ones. 
The failure to accurately project the area for some of the age classes could be due to a 
particular fault or to an association of problems like the lack of adequacy of the growth 
models chosen to integrate the simulator and also on flaws deriving from assumptions or 
simplifications in the underlying structure of the simulator. SIMPLOT is based on the 
assumption that even-aged stands are not converted to uneven-aged stands which is 
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resprouting of the harvested stems originates an uneven-aged stand. In other cases, 
smaller trees are left at harvest and become older in the following coppice stands. If the 
percentage of occurrence of these and other events leading to uneven-aged stands will be 
available as a result of forest inventories focusing on the remeasurement of the same 
plots, SIMPLOT can be improved in order to better reproduce the observed area 
distribution by age classes. Another simplification in SIMPLOT is that the area of gaps and 
clumps is assumed to remain constant throughout the simulation period.  This assumption 
did not seem to have major consequences in the short-term, although it might not hold 
true for longer simulation periods. As shown in the present study, validation helped to 
identify features of the simulator that need to be improved. 
SIMPLOT’s module responsible for implementing percentual changes between different 
FMA needs to be improved by coupling an even-to-uneven-aged transition algorithm that 
will be responsible for simulating the events, such as sanitary thinnings or incomplete final 
harvest that can originate uneven-aged stands. Such an algorithm was not included in the 
present version of this tool because there are no single tree growth models and also no 
statistics on the conversion between these stands exist.  
The growth functions integrating the growth module are biologically meaningful and the 
parameter values are derived from a complete dataset covering the entire country. Thus, 
growth projections are reasonably reliable. On the other hand, results could be improved 
and area corrections could be avoided if the stand level growth models were replaced by 
tree level models. Notwithstanding, projections should always be seen as possible future 
scenarios instead of predictions because there are always errors associated to it (Nabuurs 
et al. 2000). Therefore, it is important to underline the need to always interpret forest 
resource projections with caution and to account for different error sources (Kangas 1997, 
1998), namely measurement and sampling errors in the data used as input for the 
simulation runs and/or for the validation data set, the accuracy of the growth models 
integrated in the simulator as well as the simulation’s assumptions.  
V.6 Conclusions  
The evolution of a forest at the regional level is not only influenced by the species 
response to the environment but it is also extremely affected by exogenous disturbance 
regimes. The main objective of this study was to validate the accuracy of the regional 
simulator’s predictions and SIMPLOT has proven to be able to reflect the forests’ behavior 
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to the occurrence of disturbances and secondly, to identify the improvements required to 
perfect the projection ability of the simulator.  
The overall results demonstrate the ability of SIMPLOT to simulate the evolution of the 
eucalyptus forest. Because the model incorporates the effects of the drivers, apart from 
simulating growth, it can also serve as a tool to help decision making for addressing 
issues such as market pressures, hazards impacts or even policies to support 
reforestation. 
The ability of the model to simulate harvest as a response to wood demand allows 
assessing the impacts of applying different harvesting probabilities. However, the 
consequences of different harvesting intensities proved to be more evident for forests 
under a higher pressure, which corresponds well with empirical findings that point to 
unstable forests being more sensitive to disturbances.  
In the process of validating the simulator, SIMPLOT showed a less accurate precision to 
simulate the distribution of areas by age-classes, namely for the class representing 
uneven-aged stands. This finding helped identifying an important improvement required in 
terms of forest management affecting stand structure. 
Further validation studies should be conducted for longer-term simulation periods. Also, 
under future scenarios with smaller proportions of pure stands, area corrections should be 
avoided for mixed stands. Instead, different modeling approaches should be integrated 
into SIMPLOT to better predict the growth of mixed forests. 
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Modelling biomass production in highly stocked Eucalyptus stands in 
Portugal 
Chapter VI  
VI.1 Abstract 
Eucalyptus globulus has been mainly managed for pulp in Portugal. Stands are planted 
with an average stand density of 1100 - 1300 trees per hectare and harvested between 10 
and 12 years with plantation followed by one or two coppices. E. globulus increased in 
area and its economic importance lead to the development of growth models, such as 
Globulus 3.0 (Tomé et al. 2006), capable of predicting the evolution of these stands. In the 
meantime, biomass for energy became an appealing topic. In the scope of energetic 
diversification and profitable forest resources exploitation, increasing the use of forest 
biomass can play an important role. Up till now, the studies conducted to assess this 
species development under higher stand densities have not produced results.  
This work had the objective of developing a growth model to estimate the productivity of 
highly stocked stands using data from a set of spacing trials available in the country. 
These data were firstly used to analyze the existing model, developed for stands 
managed for pulp production (smaller number of trees per hectare at planting). The results 
of this preliminary analysis showed the need to develop new basal area and mortality sub-
models in order to improve the aboveground biomass estimates for highly stocked stands. 
Simplified versions of the Globulus 3.0 basal area and mortality functions were developed 
using the spacing trial’s data set. Additionally, a new equation, essential to initialize 
coppice stands, was developed to estimate the average number of sprouts per stool. 
The growth of highly stocked stands was simulated with Globulus 3.0 and the new 
developed sub-models. Results showed that the new basal area and stand density sub-
models were less biased and more precise than the ones of Globulus 3.0 model. Biomass 
production was estimated for a silvicultural system corresponding to planting 5000 trees 
per ha-1, followed by 4 coppices, all harvested at 5 years. To achieve this, the new 
developed sub-models were combined with Globulus 3.0 dominant height and biomass 
sub-models. The resulting woody biomass estimates ranged from 3.33 to 31.88 Mg ha-1 
year, depending on site quality (11 to 27 m at 10 years). If using highly productive clones, 
a biomass production greater than 30 Mg ha-1 year-1 can be expected in the best sites. 
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VI.2 Introduction 
Eucalyptus globulus was introduced in Portugal in the second half of the XIX century and 
occupies now the second largest area in the country providing raw-material for the pulp 
and paper industry. The economic importance of this species led pulp production stands 
to be thoroughly studied in Portugal and to supporting the development of growth and 
yield models. The Globulus model, at present at the third version known as Globulus 3.0 
(Tomé et al. 2006), resulted from the combined efforts of Universities and Pulp and Paper 
companies, is the most commonly used growth model. 
Over the last decades, the use of biomass for energy became a common topic setting an 
important role to short-rotation forestry in meeting Kyoto commitments. In Europe, short-
rotation forests are being used for energy production. Willow and poplar are the preferred 
tree species, but experiments with other species as Robinia spp and eucalyptus have also 
been established. In Portugal, eucalyptus has been mainly managed for pulp production 
with stand densities around 1100-1300 trees per hectare, whereas densities found in 
short-rotation forestry can range from 8000 trees per hectare (Manzone et al. 2009) up to 
18000 for poplar (Labrecque and Teodorescu 2005), 20000 for Eucalyptus nitens (AFG 
2007) or even 20400 trees per hectare for willow (Noronha-Sannervik and Kowalik 2005).  
In 2005, the Portuguese Energy Strategy proposed the construction of thermoelectric 
plants to add value to forest biomass (DRE 2005). The first plant started operating in 
1999. At present, 19 biomass plants (combined heat and power generation plants and 
dedicated plants) are operating in Portugal. Another 19 plants are expected to become 
operational in the future (Sousa, personal communication). Until now, few studies have 
been conducted to find the best tree species for bioenergy or even to assess the potential 
of the more representative species in the country currently being used for wood 
production. However, green-policy measures might result in stimulus being granted to 
increase energy production by using forest biomass. At present, forest owners, despite 
managing their stands for pulp production, have already started selling their eucalyptus 
wood to bioenergy plants because it pays off. If they decide to change management 
towards bioenergy production by increasing stand density and reducing rotation length 
this could lead to substantial changes in the wood market, namely rising imports of wood 
to cope with wood demand for pulp having undesired consequences for the economy. In 
order to make growth projections into the future and assess the impact of intensive short-
rotation management versus the current management for pulp production, a growth model 
for stands planted with very high densities is required. The data set used to develop the 
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Globulus model did not include plots in highly stocked stands; therefore its ability to 
simulate bioenergy stands is doubtful. 
This study aimed to develop a growth model for eucalyptus stands with densities at 
planting closer to the ones appropriate for energy production. It started by checking the 
ability of the Globulus 3.0 model for this purpose. This was tested using mainly highly 
stocked plots from spacing trials, which allowed determining which of Globulus 3.0 sub-
models that needed to be improved. Finally, new required sub-models were developed 
using the same data set.  
VI.3. Materials and Methods 
VI.3.1 Data 
Globulus 3.0 growth model was developed using a large data base containing records of 
forest inventory plots, permanent plots and research trials. In Portugal, E. globulus is 
mainly managed for pulp; therefore stands used to develop Globulus 3.0 have average 
stand densities of 1200 trees with a standard deviation of 504. A few plots with densities 
ranging from 2500 up to 5000 trees ha-1 were included representing only about 2% of the 
data set (Tomé et al. 2006). With respect to coppice stands, the data set used derived 
from first or second coppices, but data were only collected after the thinning of the shoots 
that occurs around the age of 3 leaving about 1.6 shoots per stool, therefore there was no 
representation of coppices younger than 3 years. 
In the 90s several spacing trials were installed in Portugal either by pulp companies, by 
Universities or by the joint effort of both (Soares and Tomé 2000). The data set available 
for validating Globulus 3.0 for extremely dense stands and developing a model for highly 
stocked plantations is composed of 6 spacing trials including planting densities up to 
10000 trees per hectare. The data set was completed with coppice stands data from 
permanent sample plots (PSP) prior to the thinning of the shoots.  
TAV trial is a spacing trial consisting of 2 blocks with 5 plots each in which five different 
spacings were distributed without previous randomization: 3x2 m, 3x3 m, 4x3 m, 4x4 m 
and 5x4 m. The stand was planted in 1975 and the first measurement took place in 1981. 
Measurements were repeated at approximately annual intervals. In March 1993 the trial 
was harvested and it was decided to split each plot in two with the objective of keeping 
one part of the plot thinned and the other unthinned. Measurements before the thinning of 
the sprouts, that took place around the age of 3 years, were made in smaller subplots on 
 Development of forest simulation tools for Eucalyptus in Portugal  
 
Susana Barreiro, 2011 | Chapter VI 128 
 
an annual base. After the thinning of the sprouts, measurements covered the whole plots 
with an approximately annual periodicity.  
TQP trial was established as a randomized complete block design (with some restrictions 
in the randomization of the two closer spacings) with 2 replicates and 5 treatments 
(spacings): 2x1 m, 2x2 m, 3x1 m, 3x2 m and 3x3 m. It was established in 1992 and 
annually measured until 2003.  
TVL trial followed a randomized block design with factorial combination of row and 
between-row spacings resulting in plots of unequal size with the same number of trees. It 
is characterized by 3 blocks of 12 plots corresponding to spacings 1, 2, 3 and 4 m within 
the row, with 3 and 4 m between rows. This trial was initially set in 1993 and was 
measured at least once a year over a decade.  
TN spacing and fertilization trial was also established as a split-plot with 2 blocks divided 
in 2 main plots corresponding to fertilized and non-fertilized treatments. Each main plot 
contains 7 sub-plots representing different spacings - 1x1 m, 2x1 m, 2x2 m, 3x3 m, 4x1.5 
m, 4x2 m, 4x4 m - resulting in different stockings ranging from 625 up to 10000 trees per 
hectare. Each sub-plot was divided in 3 sub-sub-plots, each with a different clone, 
totalizing a number of 84 plots of 35 trees (5x7) including a buffer row. The first 
measurement took place in 1995 and measurements were annually repeated until 2003.  
TA experimental design in T5 trial is a split-plot with 3 blocks with 5 unequal sized plots 
with the same number of trees, each representing a different spacing: 3x0.5 m, 3x1 m, 
3x2 m, 3x3 m and 3x4 m. Each of these plots was sub-divided in 4 sub-plots planted with 
a different clone. Two guard rows of trees were left between sub-plots to serve as a buffer 
and four between plots. The first measurement took place in 1997 when trees were 8 
months old and it was measured every 6 months until 1999. From this point onwards 
measurements were made on an annual basis until 2006 except for the year 2001.  
TT trial considered 3 factors: irrigation, spacing and clone and was designed as a split-
split-plot. Irrigation was the main factor and was implemented in three levels: total 
irrigation, complement irrigation and control. Only control plots were used in the present 
study. Two clones and four different spacings were considered: 2x1 m, 4x1 m, 4x2 m, 4x4 
m. Each block was divided into 3 plots corresponding to the different irrigation treatments, 
which were sub-divided in four different sub-plots, one per spacing. Each sub-plot had 2 
sub-sub-plots each, one with a different clone. This trial was installed in 1998 and 
measured every year until 2004. As in the previous trial the use of clones guarantees that 
genetics is not confounding the effect of spacings. 
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The objective of using clones was to avoid genetic material impacts. 
There is a large set of permanent sample plots (PSP) describing the growth of E. globulus 
in Portugal. For this study, only coppice plots with measurements before the thinning of 
the shoots were considered. A total of 5 PSP, planted between 1958 and 1959 and 
harvested for the first time from 1971 to 1976 depending on the plot were added to the 
data set. The selected PSP were remeasured at least once a year from the age of 2 until 
the shoots selection that took place between the ages of 3 and 5 years. The chosen plots 
were initially planted with densities around 2580 trees ha-1 and no clonal material was 
used. 
Data from spacing trials TAV, TQP and TVL were part of the data set used to develop the 
Globulus 3.0 model with the exception of the data prior to the shoots selection in TAV 
plots.  
For the evaluation of Globulus and fitting the growth models, a total of 906 growth periods 
were used for ages younger than 10 years (Table 1).  
Table 1. Summary statistics for the data set used in the study, where rotations 1 and 2 represent planted and 
coppice stands, respectively. 
Trial/PSPs TAV TQP TVL TN TA TT PSP total 
Rotation 1 2 1 1 1 1 1 2 - 
Growing periods 20 55 60 220 350 161 32 8 906 
 Stand 
age 
Min. 7.8 3.0 2.6 2.0 1.5 1.6 1.6 1.9 1.5 
Avg. 8.4 5.9 5.2 5.0 5.5 5.7 4.5 2.6 5.4 
Max. 9.9 9.2 9.5 9.1 9.7 8.5 6.3 5.0 9.9 
 Site 
index 
Min. 20.21 18.51 25.71 19.58 11.34 9.65 18.89 20.14 9.65 
Avg. 21.74 20.51 27.29 23.96 19.59 15.94 22.42 21.39 20.73 
Max. 23.70 22.60 29.81 28.09 25.59 25.22 26.14 23.24 29.81 
Stand 
density 
Min. 481 1500 924 488 778 542 625 2528 481 
Avg. 902 2492 2275 1754 2775 2696 3097 3346 2438 
Max. 1602 3611 4464 4922 6667 10000 5000 3776 10000 
Density at 
planting 
Min. 500 500 1111 625 833 625 625 2517 500 
Avg. 947 931 2722 1822 2767 2857 2949 2583 2404 
Max. 1667 1667 5000 5000 6667 10000 5000 2654 10000 
Dominant 
height 
Min. 18.50 8.89 11.13 6.33 2.70 2.19 4.60 7.38 2.19 
Avg. 19.84 15.55 18.88 16.07 12.31 10.05 13.78 9.37 13.65 
Max. 23.59 21.85 29.19 26.58 24.40 19.20 20.00 16.60 29.19 
Basal 
area 
Min. 11.75 4.51 6.64 1.09 0.19 0.11 1.90 3.21 0.11 
Avg. 16.49 15.31 19.46 13.08 9.67 7.09 18.38 6.34 11.46 
Max. 24.39 28.60 33.64 32.54 39.51 22.80 40.17 18.55 40.17 
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Fig. 1 illustrates the relationship between stand density and a few stand variables. The 
graphics show that the proportion of highly stocked stands is not very large and that site 
indices (base age 10 years) are less well represented for stand densities over 6000 trees 
ha-1 at planting. A better distribution of plots was desirable, however because Globulus 
model has been shown not to be biased with site index (Tomé et al. 2001), this drawback 
of the data set was not considered to be a serious inconvenience for the study. 
 
Fig. 1. Relationship of site index (S), stand age (t) and stand basal area (G) with stand density (N) 
shown for the data set used in this study. Each dot can represent several measurements. 
 
VI.3.2 Evaluation of Globulus 3.0 model for highly stocked stands  
Plots were initialized at each measurement age using the observed values and projected 
to the next measurement (the performance of initialization functions was not evaluated). 
Estimates of dominant height, basal area and stand density were compared against the 
observed data. Residuals were calculated as the difference between observed and 
estimated values and analyzed for the short-term (1-year projection length intervals). In 
order to detect possible tendencies with stand density residuals were plotted by density 
class. It was assumed that reasonable biomass predictions would depend on good 
estimates of stand basal area and stand density. For this reason, the short-term 
evaluation was conducted for the dominant height, basal area and stand density 
projection sub-models.  
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VI.3.3 Development of new functions for highly stocked stands 
VI.3.3.1 Modelling approaches  
New initialization and projection functions were developed for the Globulus 3.0 stand 
variables that did not perform well for highly stocked stands, leading to residuals 
correlated to stand density. The modeling work previously done for Globulus 3.0 growth 
and yield model (Tomé et al 2006) was used as the basis for this study. 
Concerning the data set used for fitting the models, one alternative could have been to 
restrict it to the highly stocked stands. However, the amount of data would have been 
greatly reduced. On the other hand, it was desirable that the model to be developed would 
give reasonable estimates for the stand densities more commonly used, in order to 
guarantee compatibility in the estimation of productivities of stands with the usual 
densities practiced while managed for pulpwood. For these reasons, it was decided to 
develop the new functions using all the data from the spacing trials, including no so highly 
stocked plots.  
Additionally, a set of functions was developed to estimate the number of shoots per stool 
in order to improve stand density estimates before the thinning of the shoots.  
Globulus model represents the forest through a set of state variables, at stand level, that 
are projected over time. Some of these variables are directly projected with growth 
functions, the principal variables; while others, the derived variables, are indirectly 
predicted from the principal variables, the control variables and, eventually, other derived 
variables. The model includes a sub-model for each one of the state variables. Each sub-
model for principal variables includes a growth function formulated as a difference 
equation that projects the variable over time. 
Difference equations estimate stand variables in an instant (t2) based on the values of 
stand variables and control variables in the previous instant (t1). If the objective is to 
simulate the growth of a stand for which no measurements have been made or of a stand 
after harvesting (coppice) it is necessary to estimate the initial conditions. This is achieved 
by using the growth function in its integral form which includes at least one additional 
parameter in relation to the respective difference formulation. The formulation of the 
difference equation functions was made by ensuring the compatibility between the 
initialization and prediction functions of each principal variable. In turn, derived variables 
are predicted using prediction functions, for instance allometric equations, to estimate the 
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value of the variable for a given instant in time based on other stand variables and control 
variables for the same instant. 
The formulation of a growth function as a difference equation assumes a family of curves 
with all parameters common except one, the free parameter. The common parameters 
may be expressed as a function of stand and/or site characteristics.  
Basal Area 
The Lundqvist function (Lundqvist 1957) was used for modeling basal area in Globulus 
3.0 model: 
    






Where G represents basal area and t represents age. A is the asymptote, k and n are the 
shape parameters.  
Basal area projection was modeled with the following difference formulation (Lundqvist-k): 










Where G2 and G1 represent the G variable at t2 and t1 ages, respectively, A is the 
asymptote and n is the shape parameter. The resulting family of curves obtained with this 
function is defined by the parameters A and n and each curve is defined by a specific k 
value (free parameter).  
Parameters k and n are related to the growth rate and, being k the free parameter, it 
makes sense that n is related to stand density. The initial condition, represented by k, can 
be determined knowing G at a certain time t. In order to ensure the compatibility between 
the initialization and projection modules, the growth function from which the difference 
equation is derived needs to be used as the prediction equation used in the initialization 
module. Thus, the initialization and projection functions were developed using Lundqvist 
and Lundqvist-k functions, respectively. 
Stand Density 
Because some of the stands from the spacing trials were highly stocked, there was the 
need to explore the occurrence of self-thinning in order to decide for the best method to 
model mortality. Self-thinning can be described as the decrease in the number of trees in 
a stand as the size of the trees increases with age resulting from the death of competing 
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trees in an unfavorable hierarchical situation within the canopy. The relationship of the 
logarithm of the number of trees per hectare over the logarithm of mean stand diameter 
was used to define the average maximum stand density (Reineke 1933). 
Based on the self-thinning analysis, the function used to project stand mortality 
corresponds to the one used in Globulus 3.0 (Tomé et al. 2006): 
       
           (3) 
Apart from projecting the number of trees in the stand, this model can be used to initialize 
planted stands assuming that N1=Npl is the density at planting and t1=0. Whilst for 
coppices, it can be used to project the number of sprouts as soon as ingrowth ceases by 
assuming N1=N0 (the number of shoots after ingrowth) and t1=t0 (age at which ingrowth 
ceases, assumed to be 3 years). The following expressions were therefore used to 
initialize stands regenerated by planting and coppice, respectively: 
              (4) 
      
          (5) 
Several expressions were tested for the am parameter in order to express the effects of 
stand density and site index. 
For coppice stands, stand density during the ingrowth stage or before the age t0 was 
modeled through the average number of sprouts per stool. This model was developed 
based on the evolution of the number of shoots per stool observed in PSP and the 
unthinned TAV. A preliminary graphical analysis was first undertaken to analyze possible 
effects of stand density and/or site index and also to help defining the age when the 
ingrowth phase could be assumed as finished as well as the type of function(s) that 
should be tested to model this variable. This graphical analysis (Fig. 6) and the data 
available suggested the development of a model to estimate the number of shoots at an 
age t0, complemented with a model to predict the ingrowth till the age (t0-1). 
In order to simulate the growth and yield of E. globulus plantations for Energy Production, 
the new basal area and stand density functions have to be combined with the dominant 
height and biomass functions of Globulus 3.0, therefore the resulting model will be 
henceforth designated as GlobEP.  
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VI.3.3.2 Parameter estimation  
Parameters were estimated by non-linear least squares using the PROC MODEL 
procedure of the SAS statistical software (SAS Institute Inc. 2011). In regression analysis, 
model errors are assumed to follow some underlying assumptions: independent with a 
mean of zero, homogeneous variance and a normal distribution. If these assumptions 
hold, the estimators achieve minimum variance in the class of all unbiased estimators 
(UMVU); if the Gaussian assumption is relaxed, the estimators achieve minimum variance 
of all linear unbiased estimators (BLUE). However, in the case of non-linear models the 
least squares estimators do not have these properties. Unless samples are large, 
properties are only asymptotic properties; therefore estimators are not unbiased in 
general, but they are asymptotically unbiased and minimum variance estimators. Thus, 
the asymptotic variance-covariance results obtained can be used to determine confidence 
intervals and built t-statistics on the parameters (Myers 1990). 
Permanent plots and trials are often observed at different time points, thus the resulting 
growth and yield data are expected to be correlated over time. In such cases, temporal 
correlation between the model errors may be observed, violating the assumption of the 
independence of errors. Studentized residuals (rstd) were plotted against lagged rstd to 
evaluate the order of the autoregressive structure. These residuals were obtained with the 
PROC MODEL procedure of the SAS statistical software combined with the new 
functionality of SAS 9.3 designated by ODS Statistical Graphics (SAS Institute Inc. 2011) 
before expanding the error term. A stationary autoregressive structure of order p (AR(p)) 
was applied to model error autocorrelation according to the structure: 
                              (6) 
Where     is the error of the j
th measurement on the ith plot,    (q=1,…, p) are the  q 
parameters to be estimated for the autoregressive process of p order, dq is a dummy 
variable equal to 1 if j>q and equal to zero if j≤q, and     is white random noise.  
Studentized residuals were plotted against predicted values to assess the homogeneity of 
the errors’ variance. Weighted OLS estimates were used to override the heterogeneity of 
the variance of model errors when needed (Parresol 1999).  
To examine possible violations of the normality assumption, QQ-probability plots were 
analyzed. The non-normality of errors observed was corrected by applying the Huber 
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(1973) influence function (Myers 1990) reweighting the least squares regression in order 
to reduce the influence of data points containing large errors on fit (Myers 1990). 
In a first step, the common parameters of the growth function were estimated by fitting its 
difference formulation to pairs of successive observations. In a second step, the 
parameters associated with the k parameter of the initialization function were estimated by 
using the common parameter estimates obtained in the first step. Finally, the initialization 
and projection functions were simultaneously fitted through iterated seemingly unrelated 
regression estimation using the estimates obtained in the previous steps as the initial 
values for the parameters.  
The procedures for fitting the mortality model were similar to the ones described for basal 
area except for the simultaneous fit.  
The subset of data composed of PSP and the unthinned coppice stands from TAV up to 
the age t0 was used to model the number of shoots per stool. The evolution of the number 
of shoots was studied in order to find the best function shape. The parameters for the 
average number of shoots per stool were estimated using the PROC NLIN procedure of 
SAS statistical software (SAS Institute Inc. 2011). 
VI.3.3.3 Evaluation of the new functions  
The short-term model evaluation took several aspects into consideration as recommended 
by Soares et al. (1995): 1) the quality of fit, 2) the biological consistency, 3) the predictive 
ability, and finally 4) the behavior of the model when operationally used. 
The different models fitting ability was evaluated using adjusted modeling efficiency, a 
statistic equivalent to the adjusted R-square in linear regression (MEFadj): 
         
               
  
   
             
  
   
 (7) 
Where p is the number of parameters in the model, n is the number of observations,    is 
the observed value of the variable,   is the respective average value,     corresponds to 
the predicted value. 
The biological consistency of the models was analyzed through the observation of the 
magnitude and sign of the estimated parameters. 
No data set was available to assess the models prediction ability, therefore PRESS 
residuals (e.g. Myers 1990) were used for this purpose. The PRESS residuals were 
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calculated via the programmed code in SAS/ETS PROC MODEL (SAS Institute Inc 2011). 
Several statistics were computed with the PRESS residuals to characterize model error.  
The mean value of PRESS residuals (   ) produced information on bias. Precision was 
evaluated with the absolute value of PRESS residuals (     ) and the prediction sum of 
squares (SSEp) evaluated in comparison to the model sum of squares (SSE). 
    
        
      
 
 (8) 
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 (10) 
               
  
   
 (11) 
Where    
  is the predicted value calculated with the model fitted with the observation i 
deleted from the original data set; wi is the weight for observation i and all the variables as 
defined before.  
To validate the new growth functions in the short-term (1-year projection intervals), 
PRESS residuals of basal area and stand density were plotted by classes of stand density 
(CN) in order to detect possible relationships. All classes were defined based on 
percentiles to ensure a similar number of observations per class.  
VI.3.3.4 Long-term evaluation of the new functions 
Plots were initialized at each measurement age using the observed values and projected 
until their last measurement. Likewise to the short-term evaluation initialization functions 
were not analyzed. Classes of projection length were defined based on percentiles to 
ensure a balanced distribution of observations per class. Box-plots of the residuals 
(observed – estimated) and of the absolute residuals by classes of projection length were 
used to illustrate the long-term performance of the new basal area and stand density sub-
models. 
VI.3.4 Comparison of Globulus 3.0 and GlobEP productivities 
Globulus and GlobEP were used to simulate stands with different initial stand densities, 
considering a range of site indices representative of those found in the country. Five site 
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index classes were defined based on the range of site index values observed in the data 
set. The performance of the models was compared for two situations: plantation initiated 
with 1111 and 5000 trees ha-1, representing the common densities for which Globulus was 
developed and the densities expected in bioenergy stands, respectively. For the 
simulation, it was assumed that planted stands were followed by 4 coppices and that all 
rotations were harvested at the age of 5 years. No shoots selection operation was 
considered. The productivities were expressed by woody biomass, calculated as the sum 
of the biomass of stem, bark and branches. 
VI.4 Results 
VI.4.1 Evaluation of Globulus 3.0 model for highly stocked stands 
Accurate projections were obtained for dominant height residuals and no evidence of 
correlation of residuals with stand density was found showing that dominant height growth 
estimates are not affected by high densities. On the other hand, for basal area and stand 
density strong tendencies were found with stand density, particularly for the highest 
density class (Fig. 2).  
 
Fig. 2. Box-plots of the residuals (r) and the absolute residuals (|r|) by density class (CN) for 
dominant height (hdom), basal area (G) and stand density (N) projected with Globulus 3.0 (1-year 
projection length intervals). 
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VI.4.2 Development of new functions for highly stocked stands  
Based on the results of the Globulus 3.0 model evaluation, new equations for initializing 
and projecting basal area and stand density were developed.  
Basal Area 
Following the Globulus 3.0 model, the Lundqvist-k equation was chosen to simulate basal 
area growth. The asymptote was expressed as function of site index and the parameter n 
as a function of stand density and stand rotation. The graphical analysis of the plots of 
studentized residuals (rstd) versus the lagged rstd showed that a first-order 
autoregressive structure (AR1) was suitable for modeling the error term for both the 
initialization and projection functions. Non-normality and heteroscedasticity of the model 
errors were also corrected during the fitting procedure. All parameters of the final model 
were significantly different from zero (p<0.0001) and presented consistent magnitudes 
and appropriate signs to model biological growth. Table 2 presents the parameter 
estimates after the simultaneous fit and the statistics resulting from the fitting of the 
initialization and projection functions of the basal area sub-model.  
Table 2. Basal area sub-model for highly stocked eucalyptus stands. Parameter estimates and 
fitting statistics obtained in the simultaneous fit of the equations. 
                             initialization 
                           projection 
Parameters Estimates 
Ag0 Ng0 ngr ngn kg0 kgn kgs 
2.6086 0.5684 0.1162 0.0484 7.5178 -0.1287 -0.1092 
Fitting Statistics 
 n MEFadj             SSE SSEp 
Initialization 906 0.9341 0.1000 1.4292    3041.5 3085.1 
Projection 906 0.9806 0.0098 0.7909 953.5 980.8 
 
Figs. 3 and 4 show the box-plots of the PRESS residuals (pr) and the respective absolute 
values by class of stand density for basal area initialization (G) and projection (G2) 
functions. No undesirable trends were detected and results were less biased and more 
precise than the ones obtained when applying the Globulus 3.0 growth model (compare 
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Figs. 2 and 4). The mean absolute errors were also within very reasonable values, 
indicating the precision of the new functions. 
 
Fig. 3. Box-plots of the PRESS residuals (pr) and absolute PRESS residuals (|pr|) for the stand 
basal area initialization function (G) by stand density class (CN).  
 
Fig. 4. Box-plots of the PRESS residuals (pr) and absolute PRESS residuals (|pr|) for the stand 
basal area projection function (G2) by stand density class (CN). 
 
Stand Density 
Fig. 5 shows the relationship between ln(dg) and ln(N) for the stands used in this study 
together with the line of maximum density (slope=-1.6) proposed by Landsberg and 
Waring (1997) and used by Tomé et al. (2004) for this species, which assumes that a 
stand with 1000 trees per hectare has a dg=24.53 cm. This graphic shows that the stands 
used to develop the GLOBEP model, and thus future stands for biomass production, have 
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not yet reached the onset of self-thinning at harvesting age. Therefore, stand density can 
be modeled with a mortality function. On the other hand, despite far from self-thinning, 
coppice stands evidenced some mortality for younger ages. This mortality can be 
explained by the increasing competition between the shoots registered during ingrowth.  
 
Fig. 5. Representation of Reineke maximum size-density relationship for the data set used for 
fitting GlobEP functions where the solid bold line represents the maximum density line with a 
slope=-1.6. The rotation is represented by 1 and 2 indicating planted and coppice stands, 
respectively. 
 
Further graphical analysis for the unthinned stands showed differences between the TAV 
trial and the PSP, and also, the diversity in the number of shoots per stool over time 
showing some evidence of being related to the various starting densities and eventually to 
site index (Fig.6). Additionally, it indicated that after ingrowth, the number of shoots per 
stool decreased for all the plots from TAV trial around the age of 3 years, whereas it 
maintained approximately constant for the PSP. For this reason, the age of 3 years was 
assumed as the age at which ingrowth ceases. From this age onward, the mortality 
function can be applied to project stand density. The number of shoots at age 3 is 
designated, in the Globulus and GlobEP models, as N0. 
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Fig. 6. Evolution of the number of shoots per hectare in the PSP and in trial TAV unthinned coppice 
stands.  
Out of the tested expressions for the am parameter in the mortality function, the one 
selected expressed the effect of starting density (Npl or N0 for coppices) and site index 
(S). Parameter estimates and the fitting statistics for the stand density sub-model are 
found in Table 3.  
Table 3. Stand density sub-model for highly stocked eucalyptus stands, respective parameter 
estimates and fitting statistics. 
                          initialization planted  
     
                initialization planted       
   
    




      





 n MEFadj             SSE SSEp 
initialization /projection 906 0.9998 -0.2438 13.20 602407.2 608532.0 
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The stand density PRESS residuals and respective absolute values plotted as a function 
of stand density are displayed in Fig. 7 that shows consistent results for all classes. 
 
Fig. 7. Box-plots of the PRESS residuals (pr) and absolute PRESS residuals (|pr|) for the projection 
function of stand density (N) by stand density. 
 
As mentioned in the methods section, two models were developed in order to simulate the 
evolution of the number of shoots till the age of 3 years. A linear function on age (t) with 
the slope depending on initial number of stools alive was chosen to predict the evolution 
of the number of shoots per stool before the age of 3. Graphical analysis of the average 
number of shoots per stool at 3 years of age as a function of the number of living stools 
(Fig. 8) clearly showed the dependence of the first variable on the second.  
 
Fig. 8. Relationship of the average number of sprouts per stool and the number of living stools for 
AVT and PSP. 
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A few functions were tested and a hyperbolic function with a positive asymptote was 
chosen for performing better. This fact justifies the form of the equation used for the 
prediction function for the number of shoots per stool at age 3 (Table 4). 
Table 4. Prediction model for the mean number of shoots per stool, parameter estimates and the 
model fitting statistics. 
                       
       
    
                 
 
        
 
Parameters Estimates 
 a0 at atn bn 
 1.0478 1.0198 -0.3833 1186.1 
Fitting Statistics 
 n MEFadj             SSE SSEp 
Nshoots t<3 31 0.6918 -0.0092 0.4022 6.3283 7.5655 
Nshoots t=3 15 0.8032 0.0329 0.2886 1.3646 1.6189 
 
VI.4.3 Evaluation of the new functions for long-term projections 
Results for the long-term analysis showed no important bias or loss of precision for 
projection lengths up to 5 years (Fig. 9). Basal area estimates show no tendency with 
projection length, whereas stand density estimates get slightly biased and less precise as 
projection length approaches 5 years (Fig. 9). Despite the outliers, the average estimates 
obtained with GlobEP show a considerable improvement when compared to Globulus, 
justifying the development of the new sub-models. 
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Fig. 9. Box-plots of GlobEP residuals (r) and absolute residuals (|r|) for stand basal area (G) and 
stand density (N) projection functions by projection length interval (CPL). 
 
VI.4.4 Comparison of productivities estimated with Globulus 3.0 and GlobEP  
The average productivities obtained with Globulus and GlobEP for 25 years (5 
consecutive 5-year rotation cycles) show that the two models estimate similar productions 
for all site index classes for 1111 trees ha-1 starting densities (3x3 spacing), whereas for 
highly stocked stands, Globulus predictions are higher than those from GlobEP (Fig. 10). 
According to GlobEP estimates, if planted at 5000 trees ha-1, E. globulus can produce 
between 3.33 and 31.88 Mg ha-1, depending on the site (Fig. 10). 
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) using GlobEP and Globulus growth models for a 




 VI.5 Discussion 
The objective of the present research was to develop a growth model to predict biomass 
production in highly stocked stands to be used as a tool to evaluate the potential of E. 
globulus for energy production. At present, there is no data available from this type of 
plantations; therefore the model was built based on data from spacing trials and a few 
permanent plots. The data set was limited, namely the percentage of plots with stand 
densities greater than 2500 trees per hectare was not very large as well as the 
percentage of data from unthinned coppice stands. Nevertheless, it was useful for the 
purpose of the study.  
The evaluation of the Globulus 3.0 model, developed to estimate the growth of stands 
planted for wood/pulp production, for stands with higher stockings showed that there was 
no need to refit the dominant height growth function. This result is in accordance with the 
theory of forest production that assumes the independence of dominant height from stand 
density (Assman 1961). On the contrary, the evaluation of the basal area and the stand 
density functions of the Globulus 3.0 model showed clear bias when used outside the 
range of densities present in the plots used for its development. Overall, these results 
demonstrated Globulus 3.0 model inadequacy to simulate growth for highly stocked 
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stands supporting the development of new growth functions for basal area and stand 
density.  
The known positive relationship of basal area growth rate with stand density was taken 
into account while developing the new basal area sub-model by expressing the growth 
rate parameter as a function of stand density. 
The stand density sub-model, conceived to be applied to project the number of trees per 
hectare in planted stands as well as the number of sprouts after the age of 3 in coppice 
stands, presented an acceptable behavior. Despite all the efforts during the fitting stage, 
the residuals for stand density showed a non-normal distribution. This result is a 
consequence of some stands evidencing higher mortality than the mortality estimated with 
the model despite not being approaching self-thinning, which is unlikely to occur since the 
plantations to be managed and operationally used for bioenergy will be harvested several 
years before this occurs. The idea to develop a function to predict the average number of 
shoots per stool had the objective to improve the simulation of stand density for younger 
ages in coppice stands, accounting for ingrowth, as well as to obtain a function to initialize 
the number of shoots at the age the ingrowth has stopped.  
The long-term validation of GlobEP showed the robustness of the model for the simulation 
of biomass production in bioenergy stands managed as short-rotations, assuming a 5-
year rotation length. 
The comparison of Globulus and GlobEP productivities showed that the two models give 
similar estimates for stand densities commonly practiced for pulp production. By contrast, 
for higher stockings, Globulus presented higher estimates than those of GlobEP. Because 
the latest model used higher stockings in its development it is expected that its estimates 
are closer to the ones to be obtained in highly stocked plantations than those provided by 
Globulus. In the evaluation of the two models, the big whiskers observed in GlobEP box-
plot analysis are the result of the different productivities found in the data set used to 
develop stand basal area and stand density new functions. A close analysis of the data 
set evidenced the differences between the four clones: V, C, P and M when compared 
with each other and with the seminal origin material (S). For highly stocked stands 
(density class of 5000 trees ha-1) around the age of 5, basal area values vary from 3 to 36 
m2 ha-1. Fig. 11 shows that the 4 clones that are planted on the same sites, lead to very 
different productivities. Clones V and M do not seem to be substantially different from 
seminal material, whereas clone C appears to be slightly more productive than all others. 
However, it is clone P that most distances from all the others for its lowest productivities.   
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Fig. 11. Comparison of stand basal area (G) for the different clones (V, C, P and M) and seminal 
(S) by stand density classes. 
 
As mentioned before, the data set used in this study had some limitations. In face of these 
restrictions, it is essential to continue investigating the potential of E. globulus for 
bioenergy production. The establishment of highly stocked trials to be managed as 
several consecutive coppice rotations, with no shoots selection and reduced rotation 
lengths would be extremely beneficial, not only for validating GlobEP model identifying 
limitations, but also for integrating the refiting data set.    
VI.6 Conclusions 
This study allowed several interesting conclusions: 
 The evaluation of the Globulus 3.0 model using spacing trials data allowed confirming 
that dominant height was not affected by stand density (Assman 1961);  
 Applying Globulus 3.0 model to spacing trials data resulted in less precise and biased 
estimates of basal area and stand density for highly stocked stands, outside the range 
of densities present in the data used to develop it. Therefore, it was concluded that 
Globulus 3.0 basal area and mortality sub-models were not suitable for projecting the 
growth of highly stocked stands. With GlobEP new sub-models, forecasting growth of 
these stands became more precise and less biased for high stand densities when 
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compared with the results obtained with Globulus 3.0. Furthermore, the general results 
obtained for the 5 consecutive rotation cycles showed the models performed equally 
for commonly practiced densities, although for higher stockings Globulus estimates 
were over GlobEP; 
 This study showed that no self-thinning is likely to occur in short-rotation forests 
managed for bioenergy; 
 Simulation of a new stand by coppice, after harvesting, was successfully achieved 
using two models, a first model to predict the evolution of the number of shoots per 
stool during the two first years and a second model to predict the same variable at the 
age of 3, assumed to be the age at which the ingrowth no longer takes place. From 
then on, a mortality function is appropriate to simulate the evolution of the number of 
shoots per hectare; 
 According to GlobEP estimates, E. globulus, if planted at 5000 trees ha-1, can produce 
from 3.33-31.88 Mg ha-1 year-1, depending on the site. 
In spite of the validity of the above conclusions, the small size of the data set used in this 
research indicates the need to obtain more data on growth for this type of stands by 
establishing trials specifically for this purpose.  
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Evaluating 3PG and Glob3PG models for planted and coppice stands using 
long-term Eucalyptus globulus Labill. permanent plots 
Chapter  VII 
  VII.1 Abstract 
According to the most recent National Forest Inventory, the Portuguese forest area 
comprises about 3.4 M ha of which some 7.4 thousand ha is composed of eucalyptus 
(Eucalyptus globulus Labill.). This exotic species, mainly managed as even-aged 
plantations followed by coppice, covers approximately 23% of the forests in the country, 
and of this 59% of the stands are managed as coppice. Given the importance of this 
species to the national pulp and paper industries, a regional simulator was developed to 
project eucalyptus growth. At present, forecasts result from combining National Forest 
Inventory (NFI) data with empirical growth models. However, to be able to assess forest 
resources accounting for different management practices under changing environmental 
conditions, the regional simulator should also integrate process-based models. These 
models are more demanding in terms of inputs, namely soil inputs, which are not available 
from the Portuguese NFI. 
The main objective of this study is to evaluate 3PG and Glob3PG models to project the 
growth of coppice stands as well as the transition from plantation to coppice and between 
subsequent coppices. The possibility to integrate these models into a NFI-based regional 
simulator was evaluated by using soil inputs deriving from the European soil database and 
using Globulus empirical model as a benchmark.  
A set of 22 permanent plots measured throughout consecutive rotations was used. Model 
evaluation consisted mainly on the characterization of model error. Modelling efficiency 
was calculated as well as prediction errors. The quantitative evaluation was performed by 
density, site index and initial age of simulation classes for the short-term. Long-term 
evaluation was also undertaken to analyze the effect of projection length.  
Glob3PG model behaved similarly to the empirical model with modelling efficiencies 
higher than 95%. Furthermore, no clear differences were observed between the 
performance of the model when applied to planted and coppice stands. In general terms, 
results seem to indicate that the use of information from soil maps combined with stand 
information as input did not compromise simulation results.  
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VII.2 Introduction 
Eucalyptus globulus Labill. planted forest is of crucial importance for the Portuguese 
economy. The quality of E. globulus fibres for high quality paper production made this 
species the main source of raw material for the Portuguese pulp and paper industry. In 
2009, Portugal was the fourth biggest pulp producer in Europe. The constantly increasing 
demand for E. globulus wood was a motor for the expansion of this introduced species 
that now is the second most representative forest species in Portugal covering nearly 740 
thousand hectares (AFN 2010). According to information provided by the last NFI, 59% of 
the eucalyptus forests are represented by coppice stands. 
Over the last decade, the occurrence of severe forest fires had a great environmental 
impact resulting in negative consequences for the ecosystems and the economy. Adding 
to this, the increasing expectations concerning the use of forests has led to changes in 
forest management that, along with climate changes, are expected to have significant 
impacts in forest growth. However, wood availability in the long-term is still a problem 
whose solution will have to account for increases in wood consumption combined with 
extra demand for bio-energy, new trends in management as well as energetic and 
environmental policy measures. In Portugal, a regional simulator was developed to 
explore policy options guiding decision making for research and management purposes. 
The current version of this tool combines national forest inventory (NFI) data with 
empirical growth models taking into account the effect of different drivers such as wood 
and biomass demands, hazards occurrence and land use changes (Barreiro and Tomé 
2011, Chapter IV). 
Since the 90’s, several empirical growth models have been developed to simulate E. 
globulus growth in the country (Amaro 1998, Amaro 2003, Tomé et al. 2001a, Tomé et al. 
2001b, Soares and Tomé 2003, Barreiro and Tomé 2004, Tomé et al. 2006). At present, 
the third version of Globulus, referred to as Globulus 3.0 (Tomé et al. 2006), is the most 
commonly used model. Despite process-based models projections’ are very often based 
on input data that is not readily available from forest inventory at present, they are 
considered to be more appropriate to assess forest resources in a multiple objectives’ 
management context under changing environmental conditions (Tomé et al. 2004b). 
Therefore, 3PG (Landsberg and Waring 1997, Sands and Landsberg 2002) is increasingly 
being used for E. globulus plantations in Portugal. Over the last decade, its applicability 
for the Portuguese conditions was studied (Tomé et al. 2004a) and the model was 
parameterized for Portuguese data covering planted stands (first rotation) (Fontes el al. 
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2006).  In an attempt to benefit from the strengths of empirical and physiological models, 
3PG and Globulus were hybridized using allometric equations between stand variables to 
establish the link between the models resulting in the Glob3PG model (Tomé et al. 
2004b). Similarly to the parameterization study, this study also covered stands from seed. 
As coppice stands represent more than half of the eucalyptus area, it is of crucial 
importance to evaluate 3PG and Glob3PG performance for coppice stands as well as to 
simulate the transition between rotations. Throughout this paper, the term rotation is used 
to define he period that goes from stand regeneration, either by plantation or coppice, until 
harvesting.  Process-based models are more demanding in terms of input, namely in soil 
information that is not available from the Portuguese NFI surveys. A possible solution is to 
use soil information collected or estimated from available soil maps and complement it 
with stand data available from the NFI. Inputs regulate the quality of forecasts which have 
the purpose of helping foreseeing long-term implications of forest management under a 
given climate. Thus, the accuracy of decisions depends on how reliable their growth 
projections are, being essential to evaluate the models in use.  
The objective of this study is to evaluate the performance of 3PG and Glob3PG models 
for long-term prediction of planted and coppice stands using soil inputs deriving from the 




VII.3.1 Study area and plots 
Over the years, a large amount of information on eucalyptus growth has been compiled 
into a database integrating inventory data, permanent plots and experimental trials. This 
collection of data represents a great diversity of stands over the country and has been 
used to develop the Globulus models (Tomé and Ribeiro 2000, Tomé et al. 2001a, Tomé 
et al. 2006) and the link functions in Glob3PG model (Tomé et al. 2004b). A total of 22 
plots were selected for the present research (Table 1). Data selection was based on the 
following requirements: 1) stands must have been measured throughout consecutive 
rotations as planted and coppice; 2) their geographical distribution should cover coastal 
and inland areas (Fig. 1); 3) at least one of the rotations had to have three measurements 
at minimum; and 4) average stand densities should neither be lower than 950 nor higher 
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than 1500 trees/ha, in order to be representative of the stand densities most commonly 
found in the existing stands.  
 
Table 1. Summary statistics for the plots used in the study. Data for each plot were organized as 
pairs of successive re-measurements (t1, t2). Statistics refer to t1. N represents the stand density at 
the age of the first measurement and S the site index – dominant height at the age of 10. Location 
indicates whether the plot is located inland (I) or by the coast (C).  
Plot N S Location 
Nr of re-measurements 
Planted Coppice 
P1 1104 24.11 C 14 12 
P2 1114 23.28 C 6 12 
P3 1103 17.28 C 14 12 
P4 1099 15.65 C 14 12 
P5 1125 24.83 C 13 5 
P6 1111 21.34 I 12 5 
P7 1091 19.71 I 11 11 
P8 1185 19.77 I 10 13 
P9 1274 18.66 I 10 13 
P10 1112 23.75 C 10 12 
P11 1112 21.08 C 10 12 
P12 1093 13.14 I 12 10 
P13 1094 19.68 I 11 10 
P14 1366 21.83 I 20 7 
P15 975 19.28 I 9 11 
P16 1111 21.49 C 12 12 
P17 1111 21.70 C 12 12 
P18 1306 23.08 C 10 11 
P19 1122 27.64 I 10 14 
P20 1111 17.43 C 10 4 
P21 1111 22.48 C 8 5 
P22 1433 17.15 C 8 5 
Min. 975 13 - 6 4 
Average 1148 21 - 11 10 
Max. 1433 28 - 20 14 
 
The stand variables used for each repeated measurement are: stand density, dominant 
height, basal area, volumes under and over bark, with and without stump, and biomass 
per component. 
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Fig. 1. Location of the permanent plots used in the present research. The numbers indicate the number of 
plots in each location. 
 
VII.3.2 Initialization and management regime 
For the evaluation of the models, data were organized as pairs of successive re-
measurements (t1, t2). Stand level inputs comprising biomass starting values and stand 
age, among other variables, were obtained in the eucalyptus database. Each plot was 
simulated by defining a management regime according to the management practices 
observed in historic data.  
 
VII.3.3 Climate data 
The weather data required as input was obtained from the Portuguese Meteorological 
Institute and consisted of monthly information for: minimum, mean and maximum 
temperature, number of days with rain, number of frost days, precipitation, solar radiation 
and vapor pressure deficit. The nearest meteorological station to the stand was always 
selected provided it had a similar climate. For example, in case the nearest station was at 
a different altitude and significant differences in climatic variables could be found, the 
second nearest station would be preferred. Data was used as the averages for the time 
period available for each station. 
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VII.3.4 Soil data 
A digital elevation model (DEM) was used to obtain the plot altitudes. As mentioned 
before, the European Soil DataBase (ESDB v2) was used to obtain soil characteristics 
(EU 2004) for the 22 plots used in this study. According to soil maps the 22 plots are 
distributed over four soil types: HorticLuvisoils (8 plots), EutricCambisoils (7 plots), 
DistricRegosoils (4 plots) and HorticPodzoils (3 plots). Only 2 plots had a medium texture, 
whereas all others were classified as coarse (clay <18% and sand >65%).  However, soil 
water available to plants (SWAP) is not directly available in the database. Therefore, it 
was estimated according to Thomasson (1995) and King et al. (1995). The maximum 
available soil water (ASWmax), required by 3PG as input, was assumed to be the sum of 
the maximum available soil water content in the topsoil layer (30 cm thick) and the subsoil 
layer (to the depth to rock), whereas the minimum (ASWmin), was assumed to be 0.5 mm. 
In order to determine the available soil water (ASW) in the beginning of the simulation, 
3PG was run for 50 years starting with ASW=ASWmax. The ASW values for each plot were 
averaged per month for the latest 40 years of simulation. The ASW in the beginning of the 
simulation was selected according to the initial month of measurement of each plot. 
Fertility rating (FR) is used by the 3PG and Glob3PG models to rank soil fertility. The 
approach adopted to estimate this empirical index was to run the model for FR values 
varying between 0 (non-fertile soils) and 1 (extremely fertile soils) with increments of 0.05 
and calculating prediction errors (observed minus predicted) for a set of stand variables. 
The FR that allowed obtaining the best growth prediction per plot based on the normalized 
sum of the errors was selected. The idea for using the 3PG model in regional simulations 
is to find the FR value that, under current climate, leads to a productivitiy closer to the one 
obtained with empirical models for a given age, for example 10 years, the standard age 
for eucalyptus (Fig. 2). In this research, instead of using the productivity estimated with 
the Globulus model, the observed values of stand variables were used instead. In this 
way, results would not be dependent on the empirical model. Also, in this study the best 
FR value was the one that minimized the sum of the differences between the observed 
values and 3PG estimates for all the measurement ages (Min  sum |Wobst - W3PGt|. 
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Fig. 2. Methodology for determining fertility rating (FR) based on European soil database inputs 
when using 3PG integrated in a regional simulator, where W3PG10 is the total biomass estimated 
for age 10 with the 3PG model and WGlob10 is the total biomass estimated for the same age with 
the Globulus model. 
 
VII.3.5 Simulators overview 
With the purpose of evaluating the performance of the three different models for planted 
and coppice stands, two stand/forest level simulators were developed: GLOBULUS and 
3PG-Out+. 
The differences between the two simulators are mainly related to the type of growth 
models used; and consequently to the input requirements and the time-step applied. Fig. 
3 shows the principal variables directly predicted by each model and how the derived 
variables (predicted from the principal variables) are obtained for each growth model.  
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Where: N, stand density; Wa, aboveground biomass; Wl, biomass of leaves; Wwy, woody biomass i.e. the biomass of stem 
wood, stem bark and branches; Ww, biomass of stem wood; Wb, biomass of stem bark; Wbr, biomass of branches; Wr, 
biomass of roots; hg, height of the average tree; hdom; dominant height; G, stand basal area; dg, quadratic mean diameter; 
Vu, volume underbark with stump; Vb, volume  of bark; Vst, volume of stump; Vu_st, volume under-bark without stump. 
Fig.3. Schematic view of the core and derived variables in Globulus 3.0, 3PG and Glob3PG growth 
models. The grey boxes contain the principal variables, whereas derived variables are the ones in 
the white boxes. 
3PG and Glob3PG models work on monthly time-steps instead of 1-year time-steps like 
Globulus. Another difference between the two types of models lies in the external drivers 
considered: Globulus 3.0 is only driven by site index and management whereas the other 
two models also account for climate and soil characteristics. For this reason, Globulus 3.0 
is implemented in a specific simulator (GLOBULUS), whereas 3PG and Glob3PG are both 
implemented in the same simulator (3PG-out+). The two simulators run in the same way 
and are programmed to allow applying a different management to the different stands 
along the different cutting cycles throughout the planning horizon. The transition between 
rotations is achieved by initializing all stand variables for the next rotation before the 
thinning of the shoots is done. Stand density is crucial for initializing stand growth. In the 
case of coppices, resprouting is accounted for using a prediction function based on the 
number of stools, while the number of stools is initialized with the number of living 
trees/stools harvested in the previous rotation and assuming a fixed mortality rate. After 
the shoots selection, usually done during the third year after final harvest, the number of 
sprouts has to be reinitialized based on the number of living stools at that moment and the 
number of shoots left per stool that is defined by management. After all inputs have been 
imported and stand variables initialized, the growth module projects growth until stands 
are harvested, simulates the transition between rotations and the thinning operation 
(selection of the shoots). Some simulation parameters like model variants (3PG or 
Glob3PG), type of weather data (annual values or monthly averages per year), planning 
horizon, number of rotations, harvesting age and removals have to be provided by the 
user.  
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VII.3.6 Evaluating the growth models 
Model evaluation is a crucial step in model building, and should be carried out along with 
the model development, from the model design phase to its implementation as well as 
during the fitting stage (Soares et al. 1995, Vanclay and Skovsgaard 1997, Tomé and 
Soares 1999). It should comprise two distinct processes: model verification, or qualitative 
evaluation; and model validation, or quantitative evaluation. Model verification consists of 
checking the logics behind the structure of model components searching for 
inconsistencies and how biologically realistic the model outputs are. It is usually the 
modeler’s responsibility to perform this type of evaluation. Several procedures can be 
applied for forest growth models validation or quantitative examinations of the models. 
One way of accomplishing the quantitative evaluation of a model is through the 
comparison of predictions with real data (Soares et al. 1995).  
Real data are needed for characterizing model error so that model performance can be 
tested by comparing model predictions with the evaluation data set. The quantitative 
evaluation was conducted in several steps. The next step consisted of preparing the 
dataset as pairs of successive re-measurements, in order to initialize the simulators using 
each measurement to evaluate model bias and precision as a whole and in relation to site 
index, stand density and initial age. 
Prior to running the simulators, the dataset was prepared so that simulations could be 
initiated for each plot from each measurement age of the planted stand until the last 
measurement before the coppice was harvested. In this way, the impact of the projection 
interval could be assessed and the transition between rotations and the thinning of the 
shoots could also be validated.  
For the Globulus model, the principal variables, or the variables directly projected by the 
model are dominant height, basal area and stand density, whereas in 3PG total biomass 
is the principal variable which is then allocated to roots leaves and woody components 
(Wwy). Root biomass was not available in the dataset and it is well known that the 
prediction of leaf biomass in not straightforward. Therefore, it was decided to focus the 
evaluation on dominant height, basal area and woody biomass. Under-bark volume 
without stump was also considered because of its importance for forest managers. 
Because of the reduced mortality registered in the permanent plots used in this study, 
stand density was not considered here.  
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Prediction errors were calculated as the difference between (observed – estimated) 
values. The predictive ability of models was assessed using modeling efficiency (ef): 
     
        
  
   
       
  
   
 
(1) 
where n is the number of observations,    is the observed value of the variable,     is the 
respective predicted value calculated with the model and    is the mean value of the 
variable. Mean residuals (  ) and absolute mean residuals       were used for evaluating 
model bias and precision, respectively: 
   
        
 




    
        
 




with the symbols as described before. 
For the short-term analysis, modeling efficiency, mean and absolute mean residuals were 
calculated for 1-year projection intervals. Box-plots of prediction errors were built by 
density, site index, initial age of simulation and location (coastal versus inland) classes in 
order to see if any correlation could be found between the residuals and these variables. 
The classes were always built based on the percentiles of the variable in question. 
To assess the performance of the models in the long-term, the analysis of the residuals 
was made by classes of projection length also built based on percentiles. Two analysis 
were carried out, one within-rotation and another across-rotations. Within-rotation analysis 
included residuals from simulations initialized and finalized within the same rotation, either 
planted or coppice, whereas across-rotations analysis used residuals resulting from 
simulations across rotations, i.e. integrating the simulation of the transition between 
rotations. 
VII.4. Results 
The modeling efficiency, bias and precision for the estimates of dominant height, basal 
area, under-bark volume without stump and woody biomass obtained with the three 
models, differentiating rotations, are presented in Table 2. The three models presented 
similar performances in predicting woody biomass. Gobulus is slightly less biased and 
more precise than Glob3PG for dominant height, whereas for basal area and volume, 
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Glob3PG approaches Globulus estimates and 3PG distances from the other models 
showing evidence of an overestimating tendency. 
Table 2. Validation statistics for dominant height (hdom), basal area (G), volume under-bark without stump 
(Vu_st) and woody biomass (Wwy) for the three models. Results are presented separately for planted and 




ef           
Planted  Coppice  Planted  Coppice  Planted  Coppice  
hdom 
Glob3PG 0.9472 0.9635 -0.5956 -0.2184 1.3133 0.9693 
Globulus 0.9817 0.9838 0.2879 -0.0415 0.6749 0.5587 
G 
3PG 0.9179 0.8911 -0.4563 -1.2351 1.7252 1.9197 
Glob3PG 0.9760 0.9767 0.4433 -0.1021 1.0863 0.9324 
Globulus 0.9948 0.9867 0.2089 -0.0055 0.5264 0.5734 
Vu_st 
3PG 0.8796 0.8877 -32.4325 -24.6042 33.0688 25.6123 
Glob3PG 0.9899 0.9905 -0.4886 -1.0398 7.4729 6.5302 
Globulus 0.9910 0.9941 4.0246 0.2521 6.8507 4.8381 
Wwy 
3PG 0.9908 0.9937 1.8051 0.0863 5.0110 3.5812 
Glob3PG 0.9908 0.9937 1.8089 0.0965 5.0143 3.5788 
Globulus 0.9907 0.9943 2.3060 0.1672 4.8430 3.3867 
 
The short-term evaluation of the models was performed with resort to box-plots. The 
relationship of residuals with stand variables is described in the next paragraphs.  
Stand density. This analysis confirmed that, for dominant height, Glob3PG is less precise 
than Globulus, although reasonably unbiased (Fig. 4). 3PG is not shown in Fig. 4 as it 
does not provide dominant height predictions. For basal area and volume 3PG 
performance was worse than the one evidenced by the other two models, whereas 
Glob3PG was nearly as good as the empirical growth model. The graphical analysis for 
basal area evidenced that 3PG is biased and less precise for the denser stands (Fig. 5). 
Similar results were observed for volume (not shown). As for woody biomass, the three 
models presented reasonably good estimates with no clear relationship between the 
residuals and stand density.  
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Fig.4. Box-plots for dominant height (m) residuals (hdom r) and absolute residuals (hdom |r|) by 
density class (CN).  
 
 




) residuals (G r) and absolute residuals (G |r|) by 
density class (CN).  
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Site quality. The relationship between dominant height residuals and site quality showed 
that Glob3PG was slightly more biased than Globulus for the lower site qualities (results 
not shown). On the other hand, for stand basal area, Glob3PG was slightly less precise 
than Globulus with the loss of precision increasing with the site index; whereas for 3PG, 
the basal area residuals indicated that this model was strongly biased and less precise for 
higher site quality when compared to Globulus (Fig. 6). The same tendencies observed 
for the basal area residuals were found for volume for the three models (not shown), with 
3PG estimates highly influenced by site quality presenting residuals and absolute 
residuals varying from -162.7 to 13.36 m3ha-1 and 0.20 to 162.7 m3 ha-1, respectively. With 
regard to woody biomass, residuals and absolute residuals showed no tendency with site 
quality for the three models.  
 




) residuals (G r) and absolute residuals (G |r|) by site 
index class (CS).  
 
Initial age of simulation. The results agree with the ones obtained for the site index 
analysis, with Glob3PG benefiting from the hybridization when compared to 3PG. As for 
the site index analysis, the same overestimation tendency was observed for the 3PG 
process-based model whenever stands were initialized at older ages. 
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Stand location. The analysis of the stand variables by location (coastal versus inland) for 
the three models did not show ssubstancial differences between coastal and inland 
stands.  
Stand rotation. The three models were compared for planted and coppice stands and 
graphical results confirmed what had been already shown in Table 2, the performance of 
the models is similar for both rotations showing that 3PG and Glob3PG can also be used 
to simulate coppice stands. 
The long-term analysis made within rotation showed that the Globulus and Glob3PG 
models behaved similarly for all variables, while 3PG did not perform so well for basal 
area and volume. Fig. 7 shows the results for basal area. A similar behaviour of Glob3PG 
and Globulus residuals was observed for dominant height, volume and biomass 
evidencing a soft tendency for more negatively biased and less precise estimates for 
projection lengths over 5 years. On the other hand, 3PG estimates for basal area and 
volume were consistently biased for all projection lengths and a slight tendency for 
increasing bias with projection length was observed for biomass.  
 




) residuals (G r) and absolute residuals (G |r|) for the 
within rotation long-term analysis, where CPL represents the class of projection length. 
 
When compared to within rotations, the across rotations analysis showed a different 
outcome. Fig. 8 illustrates the results for basal area. Similar results were obtained for 
dominant height, volume and biomass.  
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Globulus presented for all the variables a soft overestimation tendency for short projection 
lengths that evolved towards underestimation as projection length increased. With respect 
to Glob3PG, for dominant height the model presented an overestimation tendency that 
progressively decreased with the projection length interval, while for the other variables 
the model was unbiased, although less precise as the projection length increased. 
Compared to Globulus, 3PG presented for all variables a slight increase in bias for the 
longer projection lengths, except for biomass for which it evidenced no tendency with 
projection length. When compared to the process-based models, Globulus showed for all 
the variables big whiskers usually accompanied by outliers. 
 




) residuals (G r) and absolute residuals (G |r|) for the 
across rotations long-term analysis, where CPL represents the class of projection length. 
 
VII.5 Discussion 
In this study, the Globulus 3.0 empirical model was used as benchmark in the evaluation 
of 3PG and Glob3PG process-based models. Empirical models, developed based on 
large field data sets, describe the best relationship between the measured data and the 
growth variables using specific mathematical functions (Peng 2000). Despite describing 
behaviors without trying to identify the causes, they provide biologically realistic 
predictions (Vanclay 1994). Nevertheless, these models have the inconvenient of being 
based on measurements which results in a lack of flexibility (Landsberg 2003, Landsberg 
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and Sands 2011). Therefore, empirical models are not suitable for estimating growth 
under new silvicultural management treatments or climate conditions different from those 
observed during the period for which their measurements were made (Landsberg 2003). 
The limitations intrinsic to empirical models might be behind the results evidenced by the 
Globulus 3.0 model in this study. Because all the plots used in this study were used for 
fitting the model, better results would be expected in the evaluation. Notwithstanding, the 
model still lacks the ability to accurately simulate some of them (Fig. 9). This became 
evident after analyzing the residuals that caused the long whiskers and the outliers 
observed in the long-term analysis when compared to the results of the process-based 
models.  
 
Fig. 9. Comparison of the observed and estimated values of basal area (G), obtained with 1) 
Globulus 3.0, 2) Glob3PG and 3) 3PG models for some plots for which the Globulus performance 
was not very good.  
 
Over the years, 3PG’s applicability to the Portuguese conditions has been subjected to 
several studies. The first, carried out by Tomé et al. (2004a), intended to assess 3PG 
ability to simulate the growth of E. globulus in Portugal and identify needs for 
improvement. Later on, Fontes et al. (2006) parameterised 3PG for E. globulus planted 
stands in Portugal (no coppice stands were considered). In the meantime, the empirical 
model was updated resulting in Globulus 3.0 version (Tomé et al. 2006). Now, with some 
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of its parameters expressed as a function of climatic variables and a new set of 
aboveground biomass equations the model produces woody biomass estimates very 
close to the ones obtained with the process-based models. This study showed that 3PG is 
biased and has low precision for basal area and volume, which agrees with previous 
findings (Tomé et al. 2004b). Additionally, the present results show an overestimation 
tendency for basal area and volume that increases with site index and initial age of 
simulation. The results for basal area and volume could be evidencing a conceptual 
problem in 3PG estimates. Perhaps the methodologies used to derive volume and basal 
area estimates from woody biomass needed to be improved what has been done with 
success in the Glob3PG model. 
For forest management purposes, it is a common place to consider the outputs of 
process-based models less detailed as the ones produced by empirical models. Thus, in 
an attempt to benefit from the strengths of empirical and process-based models, 3PG was 
hybridized with Globulus 2.1 using basal area to establish the link between the models 
(Tomé et al. 2004b). The results obtained with Glob3PG in this study were remarkably 
positive corroborating previous findings. Considerable improvements were obtained with 
Glob3PG by estimating volume and basal area from allometric relationships with stem 
biomass and aboveground biomass, respectively.  
One of the most interesting results of this research was the performance of 3PG and 
Glob3PG for coppice stands. Despite 3PG had never been parameterized for coppices, 
both models showed no significant differences between planted and coppice stands which 
also validates the transition between rotations and the thinning of the shoots algorithms. In 
fact, the results from the across-rotations long-term analysis show that, in general terms, 
Globulus was more biased and less precise when compared to the process-based 
models. 
Soil water available for plants and soil fertility are extremely important to most process-
based models. Available soil water can be directly measured in the field using a calibrated 
neutron moisture meter (Almeida et al. 2010), estimated by analyzing a soil pit or more 
expeditious methods based on the fine earth fraction in collected soil samples can be 
applied (Domingo Santos et al. 2006). However, when the objective is integrating process-
based models into a regional simulator using NFI data as input and sometimes this 
information is not available. The use of soil maps (for instance the European soil 
database) is an alternative to direct measurements. This study tried to test the 
effectiveness of this approach for a set of plots located in central Portugal. Despite using 
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soil inputs derived from cartography combined with stand information, the overall results 
indicated a good accuracy of Glob3PG for all stand variables regardless of the rotation 
period considered along the simulation.  
Concerning the differences between the methodology used in this study to contour the 
absence of soil information in NFI surveys and the methodology proposed for the 
integration of the models into the regional simulators a few points need to be discussed. 
First, the Globulus model was not used in the process of assessing soil fertility to the 
study plots to ensure its aptitude as a benchmark, otherwise 3PG and Glob3PG results 
would be dependent of the empirical model estimates. Second, all measurements were 
used in the process of selecting the FR that minimized the differences between the 
observed and estimated biomass, which represents an unreal advantage since the 
evaluation of the process-based models was performed for an optimal situation. However, 
when integrated in the regional simulator, soil fertility will be not only determined based on 
Globulus estimates as it will also be based on a single measurement age, 10-years, 
maybe with some influence on the reliability of the prediction which need to be further 
studied. 
The overall results confirm previous findings: process-based models, when conveniently 
linked to empirical models, can produce as accurate estimates for forest managers as 
empirical models (Tomé et al. 2004b). According to our results, this holds true, even if 
using soil maps information combined with stand measurements as input.  
 
VII.6 Conclusions 
Growth models and simulators are essential tools in decision making processes. The 
accuracy of the models integrated into regional simulators is reflected in the quality of its 
forecasts. With the objective of making long-term large-scale forecasts sensitive to climate 
and management changes, 3PG and Glob3PG models performances were tested with 
data from existing permanent plots that had been part of the dataset used to fit the 
Globulus model. 
The accuracy of the models was analyzed for the short- and long-term. Results showed 
that Glob3PG model behaved similarly to the empirical model with modelling efficiencies 
higher than 95%. In the long-term, Glob3PG proved to be unbiased and slightly less 
precise as the projection length increased. With respect to 3PG, basal area and volume 
estimates were biased and less precise, particularly for volume. Moreover, 3PG residuals 
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showed a tendency for an increasing bias and loss of precision for the higher site 
qualities, initial ages of simulation and stand densities, less evident for the latest. At the 
same time, 3PG was slightly biased for longer projection lengths. 
Furthermore, no clear differences were observed in the performances of any of the 
models for planted and coppice stands and the stand rotation at which each simulation 
was initiated did not compromise the results. This is a very important conclusion because 
confirms the ability of the models to simulate the transition between rotations as well as 
the thinning of the shoots. 
In general terms, the comparison between simulation results seems to indicate that the 
use of soil information derived from soil maps as input did not compromised simulation 
results. It would be preferable that the NFI would gather more information on soils. 
However, using soil maps information combined with stand measurements makes 
possible to use the 3PG or Glob3PG models in regional simulators. 
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Chapter IV VIII.1 Contribution of this research to the forest sector 
There is little point in developing growth models unless they are to be used. Thus models 
should provide information required for forest management, in a form useful to forest 
managers and decision makers (Vanclay 1994). This does not necessarily mean that all 
simulation results should be directly used, but they can surely serve as guidelines when 
exploring alternatives, evaluating the consequences of specific actions or evaluating the 
system’s sensitivity to a certain disturbance (Landsberg 2003). Modern forestry, besides 
requiring accurate growth prediction instruments, has to be able to give response to the 
different demands from the public, the effects of regional disturbance factors and new 
management practices while accounting for the consequences of climate change. Such 
complex responses can only be provided by elaborated computerized tools (Pretzsch et 
al. 2002). 
The development of the forest simulation tools presented in the previous chapters of this 
manuscript resulted from the need to develop simulators integrating several and more 
updated versions of the available E. globulus growth models in Portugal and implementing 
it into user-friendly interfaces. The main objective of this work was to design a more 
ambitious tool capable of long-term large-scale simulations accounting for disturbance 
factors, which cannot be achieved with the management unit level tools available by the 
time this research work was initiated. 
It is common to find some confusion between growth model and simulator in literature. 
Those terms were defined under the scope of COST Action FP0603 (Tomé et al. 2007). A 
growth model is a dynamic representation of the forest and of the forest behavior. Growth 
models are based on a set of sub-models or modules that as a whole determine forest 
behavior, according to the values of a set of state variables as well as the forest 
responses to changes in the driving variables. On the other hand, a forest simulator is a 
computer tool that, based on a set of forest models, makes long-term predictions of the 
status of a forest under a certain scenario of climate, forest policy and management. 
Forest simulators usually predict wood and non-wood products from the forest, at each 
point in time. 
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This manuscript describes the work involved in the development of forest simulation tools 
for eucalyptus in Portugal. A regional simulator integrating a set of empirical growth 
models and two stand/forest simulators, one integrating empirical growth models and the 
other based on the process-based models 3PG and Glob3PG were created. The three 
simulators were integrated into a common user-friendly interface, sIMfLOR. 
VIII.1.1 Regional level simulator 
SIMPLOT, described in detail in Chapters III and IV, has been conceived to simulate the 
development of all the eucalyptus stands in a region, providing as output several forest 
characteristics and sustainability indicators while taking into account the influence of a 
certain number of drivers. The potential users of this decision support tool are the pulp 
and paper industries and other industries using forest residues, politicians at local and 
regional governments as well as universities and research institutions.  
SIMPLOT has been used for assessing the effects of fire occurrence in Eucalyptus forests 
and for analyzing the consequences of concurrent uses of eucalyptus wood, such as bio-
energy. This long-term simulator permits to conduct a wide range of analysis, such as 
testing the impacts of applying different distributions of harvesting probabilities, alternative 
options of residues removals resulting from harvesting or thinning operations as well as 
alternative combinations of planted areas along the simulation period. The analysis 
performed using SIMPLOT led to interesting conclusions, namely that fire occurrence has 
an immediate effect on carbon sequestration, while a more durable effect is registered for 
carbon stocks. The more severe and numerous the wildfires are the more difficult will be 
to recover carbon stocks in the forest (Chapter III). Another interesting conclusion 
resulted from a different study where the consequence of using eucalyptus biomass for 
energy on wood available for pulp was tested. Projections considering a scenario 
reflecting historical management indicated that the Portuguese forests are being 
overharvested in comparison to increment. Moreover, under this scenario, forests proved 
to be unable to satisfy wood demand even when pulp afforestation areas were increased 
to a reasonable level (Chapter IV).  
Projections obtained from running regional simulators are often used by forest managers 
and policy makers to assist and support their decision making process. As the potential 
application of forest simulators is intimately related to how accurate these tools are when 
compared to reality, it is essential to evaluate them, assessing the validity and logic 
relations between its different modules. In the course of validation, results showed that 
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SIMPLOT is able of making reliable large-scale projections for standing volume. The 
results for the distribution of forest areas by age classes were reasonable for all stand 
types except uneven-aged stands. This conclusion was important because it evidenced 
the need for an algorithm to simulate the transition between even and uneven-aged 
stands (Chapter V).  
VIII.1.2 Stand level simulators 
In order to conduct the work documented in Chapter VII, two forest level simulators were 
developed. In the referred chapter, these tools were only briefly described therefore a 
more detailed description is presented in this section.  
GLOBULUS and 3PG-Out+ stand level simulators allow assessing the impacts of different 
forest management approaches. GLOBULUS stand level simulator was conceived to 
simulate either new stands (creating a yield table) or existing stands (a single or several 
stands) considering forest management as its only driver. On its turn, 3PG-out+ stand 
simulator has been created to simulate the evolution of stands managed according to 
different forest management alternatives under different climatic scenarios. 3PG-out+ can 
be run for one or several stands under different management regimes over the planning 
horizon. Climate change impacts can be assessed comparing different climate scenarios. 
Unless the user has a particular interest in a specific event (e.g. droughts) or evaluating 
the impact of climate change, the normal option will be running the simulator using 
monthly averages of the climate variables, although it can also use monthly weather 
(Sands 2004).  
GLOBULUS stand level simulator integrates the Globulus empirical growth model that 
was conceived to project the growth of pure even-aged eucalyptus stands. The last 
version of the model, Globulus 3.0 (Tomé et al. 2006), includes some novelties: the use of 
climatic variables to express differences in growth among regions in a gradual way 
(Globulus 2.1 model used a categorical variable for the 8 climatic regions considered), the 
possibility of simulating the transition between rotations and the inclusion of improved 
stand level biomass equations. The growth model includes several sub-models or 
modules for the simulation of the state variables. The principal state variables include 
initialization and projection. The simulator predicts the transition between rotations, 
including the growth of coppice stands before and after the shoots selection operation. 
Because the growth model has some growth parameters expressed as a function of 
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climatic variables, a climate input file containing the average values for the meteorological 
stations closer to the stand is also required. 
3PG-out+ stand simulator has been developed to simulate the evolution of stands 
managed according to different forest management alternatives under different climatic 
scenarios. Growth projections are based on the Portuguese parameterization of 3PG 
process-based model (Fontes et al. 2006). 3PG is composed of a set of sub-models or 
modules for predicting: biomass production, biomass allocation, stem mortality, soil water 
balance and stand characteristics. This simulator allows selecting one of two modelling 
variants of 3PG growth model: 3PG or Glob3PG. Compared to GLOBULUS, this simulator 
requires more detailed information in terms of input, namely on soil and site 
characteristics. In 3PG-out+, growth is driven by intercepted radiation, resulting in distinct 
routines integrated in the initialization and in the projection modules. The initialization 
module is responsible for initializing new stands and predicting the variables that will serve 
as input to the growth module. Stand level variables estimation will depend on the 
selected variant of the growth. A detailed description of 3PG growth modules is presented 
elsewhere (see Sands 2004). 
Both simulators were programmed to allow applying a different management to the 
different stands. This flexibility is extended to the management practiced for the same 
stand along the different rotation cycles throughout the planning horizon. The set of 
silvicultural operations is selected by picking out of a vast list of operations the ones that 
make up the management approach and then determining when in time and how often 
they occur. A set of simulation parameters is required to run the simulators; namely, 
rotation length (age for harvesting), starting density, beating up (%) and the age at which it 
occurs, the number of shoots left per stool and the age at which this selection is made and 
the number of rotations. 3PG-out+ requires extra inputs: model variants (3PG or 
Glob3PG), type of weather data (annual values or monthly averages per year).  
Despite the differences, the two simulators run basically in the same way. After all inputs 
have been imported, the growth module computes the derived variables for the base year 
of simulation. At this point, all stand variables for the base year will be used as input by 
the projection module until the simulation period ends or harvesting age is reached. If a 
stand is harvested before the planning horizon is met the next rotation is initialized or a 
new stand is planted according to the prescription in the management defined for each 
rotation cycle until the planning horizon is met (see section VIII.3). 
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The integration of 3PG and Glob3PG process-based models into a regional simulator had 
two major limitations: it required detailed soil input information not available from the NFI 
surveys and it had to simulate coppice stands for which it was neither developed nor 
parameterized. The study conducted to assess these models applicability at a regional 
scale allowed concluding that using soil maps information combined with stand 
measurements allow the use of 3PG and Glob3PG models in regional simulators. 
Furthermore, the study also showed that the quality of the predictions obtained for coppice 
stands were no worse than the quality achieved for planted stands (Chapter VII). 
 
VIII.2 Data needs and sources 
VIII.2.1 National forest inventory data 
Across Europe, the main purpose of National Forest Inventory (NFI) varies from providing 
accurate information to forest management and forest industry investment planning, to 
monitoring the sustainable use of forests. The changing roles of forests have substantially 
altered demands for forest information. Initially focusing mainly on timber supply, forest 
health emerged when acid depositions lead to declines of local forests. In urbanized 
societies, over the recent years, the role of forests in producing non-wood products and 
services like wildlife habitats, recreational and protective possibilities has become more 
interesting; while, at the same time, monitoring forest sustainability became more 
common. At present, in addition to timber information, most NFIs embrace a multitude of 
outputs including ground vegetation, biodiversity, deadwood and soil information. The 
increasing use of fossil fuels combined with deforestation and farming raised CO2 and 
other greenhouse gas emissions creating new expectations for both forests and forest 
inventories (Tomppo et al. 2010). Portugal has tried to keep up with the tendencies, but a 
number of aspects have yet to be improved so national forest inventories’  can represent 
the status of forests at a national and sub-national scale by providing trustworthy 
information.  
“Inventory serves many purposes, but different procedures are required to satisfy various 
needs of different data users in an efficient way” (Vanclay 1994). In the same manner, the 
data needed to develop; test and use models and simulators are of different nature. By 
the time SIMPLOT started being programmed, the data from NFI5, the last national 
survey, were still being processed. Despite results were made available during this 
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research, the NFI4 dataset was maintained throughout the study for two reasons: first, the 
inadequate estimation of eucalyptus stand age in NFI5 and second because, by doing so, 
these results could be used to validate the simulation results of SIMPLOT. 
In the course of building SIMPLOT, one of the first steps was learning about the dataset 
used as input. To better understand NFI4 outputs the NFI database was analyzed and the 
measurement procedures and protocols for each variable were studied. A bibliographic 
research was conducted resulting in an historical overview of the evolution of the 
Portuguese NFIs with a more detailed description of the last two national surveys 
(Barreiro et al. 2010). Out of the national set of variables and measurements resulting 
from NFI, SIMPLOT requires qualitative variables such as land use, stand type, tree 
species composition and stand structure, apart from the quantitative ones. The use of 
both types of information allowed detecting some inconsistencies in reporting mainly due 
to the inadequate documentation describing procedures and techniques, but also to, what 
is believed to be, the light training of field crews.  
So far, NFI data collection was not planned to serve as input to regional simulators, thus 
some adjustments can be expected. However, the discrepancies found in reporting 
compromise all purpose NFI uses, and consequently its credibility. Some modelers say 
that it might take years before a modeler can gather the ideal data to develop a model 
(Vanclay 1994). For this reason, most modeling attempts often start with the data sets 
available at the time. In the process of developing SIMPLOT, a similar situation was 
experienced. The long list of errors led to time-consuming cross-checks followed by data 
harmonization and correction, sometimes supported by expert guessing, before NFI4 and 
NFI5 data could be used to run and validate SIMPLOT, respectively. Inconsistent 
information is an important problem to NFI based simulators, whose functioning is set on 
rules defined based on the knowledge provided by the NFI plots representing major 
drawback in the process of developing such a tool. 
Despite the inconsistencies, most of required information to run SIMPLOT can be 
provided by the Portuguese NFI. Nevertheless, the same is not true when it comes to 
stand/forest level simulators like 3PG-out+ that requires soil inputs which so far are not 
collected by the Portuguese NFI. 
Quality reporting should be secured by consistent measurement procedures, extensive 
crew training and independent checks. The existence of a complete and consistent field 
manual is decisive for quality data collection. The inconsistencies found in the course of 
this research highlighted the need for the field manual to comprise clear descriptions of 
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NFI concepts such as the definition of tree, forest, even-and uneven-aged forest, pure and 
mixed forest, gaps and clumps.  
The most common problem derived from the inexistence of instructions concerning stands 
in transitory conditions such as young, burnt and harvested stands; which was aggravated 
when several of these conditions occurred simultaneously. For instance, according to the 
field manual, there is no young stand class so stands had to be classified as mature. 
However, in some plots, being all trees under the diameter threshold no trees were 
measured, which originated empty plots, impossible to be used as input in a simulator. 
Young trees are simply counted in 5 circular satellite plots, in a total area of 50 m2, which 
is totally inappropriate to evaluate plantations, such as eucalyptus. The methodology 
applied to assess young trees was in fact conceived to evaluate natural regeneration; 
therefore an all-embracing method ensuring that all trees were counted and an average 
tree height estimated should be proposed for plantations. To reduce data collection efforts 
increased by the resprouting ability of coppices, a suggestion is that only one out of 5 
stools (or some other number) should be evaluated or the plot area reduced. The 
information on stand regeneration should also be complemented with details about the 
regeneration method: natural regeneration, plantation, seeding or coppice.  
Concerning harvested stands, two situations were found: stand age prior to harvest 
imputed to the harvested stand when it should have been zero and harvested stands that 
were not classified as such but to which the age of zero was ascribed. These kinds of 
errors could be easily avoided by an alert displayed in the data collection software. 
Moreover, stumps were not measured by some field crews because the field manual was 
remiss. Considering that it is not mandatory to report harvest to Portuguese official 
entities, stump measurements could be used to develop models to predict the volume of 
harvested trees. 
Gaps and clumps also caused some confusion. A sample plot should be a gap if and only 
if no trees of any species were inside the plot. Unfortunately, there were several gaps 
containing measured trees. Likewise, the concept of clump was often misunderstood, with 
plots defined as clumps while having the same composition (and structure) as the 
surrounding stratum. The inverse was also found. Furthermore, it was quite common for 
sampled plots to be classified as pure stands of a given species, while containing several 
different species in a high proportion.  
Stand structure, in particular the classification of stands as uneven-aged, was also an 
issue. The considerable increase of this type of stands in NFI5 suggested that field crews 
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classified stands as uneven-aged as long as some trees were found below or above the 
average canopy level. It would be beneficial to create an extra class for even-aged stands 
with some trees of a different age. Moreover, field crews have proved to be unable to 
provide accurate stand age estimates. As NFIs are only repeated every 10 years, remote 
sensing techniques, such as satellite images, could be used to assess stand age by 
determining when the stand was last harvested.  
The Portuguese NFI data collection is structured in 3 levels of observations: stand-level 
observations including the characterization of stand type, stand structure, tree species 
composition, management regime and recent silvicultural operations; plot-level 
observations, comprising most of the previous level evaluations plus additional information 
on accessibility, topography, hazards occurrence, and natural regeneration and 
biodiversity assessments; and finally, tree-level observations that comprehend  tree 
measurements and classification in terms of form, condition and health.  
In the field manual, the description of procedures to be accounted for under each of the 3 
levels needs to be presented and described in a complete and clear way anticipating 
difficulties and emphasizing common mistakes. However, despite a clear and organized 
field manual will reduce inconsistencies, it will not solve all the problems. Field crews 
should receive more than one week training, being tested afterwards and certified for their 
ability to satisfy the NFI requirements. Additional on-the-job training can be provided, if 
new crew members are paired with experienced crew members. Portable data recorders 
programmed with data checks and alert messages whenever data are illogical or outside 
standards should be tested and validated before the field season is initiated; and as soon 
as transmitted to the office, further checks should be made. These can be complemented 
by on-time inspections of the crew’s performance, re-measurement of some plots by 
experienced crews with access to the original crew data and/or blind-checks by 
independent crews without the original crew data (McRoberts et al. 2010).  
 
VIII.2.2 Scenario data sources 
The decisions about how, when and where to take specific actions are usually based on 
what is expected for the future. A scenario is a description of a possible future and 
SIMPLOT gives the users the ability to use contrasting scenarios to explore the future 
consequences of a decision. Scenarios are expressed, for each year, in terms of changes 
in the total amounts of the drivers: wood and biomass demands, area expected to be 
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burnt, and land use changes. When simulations intent to represent the past evolution of 
forests up to the present it is likely, and desirable, to find the total amount of the drivers 
published in the official statistics, for instance: amount of m3 of wood consumed and 
burned, newly planted and abandoned areas. On the other hand, when simulating into the 
future the direct use of statistics is no longer possible. Under these circumstances, 
scenarios should be preferably built by a diverse group of people. In such cases, 
scenarios can be based on percent variations (market demands) of a given value or 
simulated based on historic data analysis (fire occurrence).  
Concerning official statistics, in some cases various sources are available, most times 
providing contradictory figures; while in other situations, a complete absence of 
information is find, the solution being using expert guesses. The use of SIMPLOT 
evidenced how statistical information concerning the forest sector is difficult to obtain. 
 
VIII.3 Forest management 
Many classifications of silvicultural systems can be found in the literature and it is difficult 
to set limits to the high number of various sets of treatments that can be considered. For 
Matthews (1989), the concept of silvicultural system is based on how the tree canopy is 
removed and on the regeneration pattern. According to this classification, E. globulus is 
managed as a ‘Clear-cutting system’ for first rotations and as a ‘Coppice system’ for the 
subsequent ones. In this manuscript, an alternative classification was used based on the 
framework presented in Chapter II. Accordingly, two forest management approaches 
(FMA) were considered for this species: ‘Intensive even-aged forestry’ and ‘short-rotation 
forestry’, designated throughout the manuscript as Wood Production and Bioenergy 
Production forests, respectively. Wood Production forests refer to plantations that are 
mainly used by the pulp and paper industry. These stands are managed as a planted 
stand followed by coppice rotations with an average cutting cycle of 10-12 years and a 
thinning carried out in coppice stands around the age of 3 to eliminate some of the shoots. 
After the second coppice the stand is usually replanted. Bioenergy Production forests 
represent highly stocked areas (around 5000 trees ha-1) managed to maximize the 
biomass production potential of eucalyptus stands to be used for energy. At present, 
these stands are hypothetical and their management described by 5 consecutive 5-years 
rotation cycles with no thinning of the shoots. The above describe variables can be 
considered as management driving variables, however for the same FMA different sets of 
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silvicultural operations (FMA options) can be carried out. In order to be able to simulate 
the growth of bioenergy Production forests a new model was developed, GlobEP 
(Chapter VI). 
SIMPLOT gives the user the possibility to run plots under different FMAs provided that all 
plots of the same FMA are simulated according to the driving variables defined for that 
specific FMA. On the other hand, a greater flexibility is granted to stand/forest simulators 
for which it is possible to prescribe a sequence of different FMA/options combinations to 
be applied throughout the planning horizon. Thus, an FMA can be defined as the set of 
silvicultural operations performed from regeneration to the final cut, while a prescription is 
the combination of different, or not, FMA/options carried out until the end of simulation. 
Therefore, the prescription allows for a greater flexibility by changing between options 
under the same FMA, changing to a different FMA, changing the species, rotation length, 
the number of coppice stands that follow a plantation from one rotation cycle to another 
until the end of the simulation period. At present, this flexibility is only permitted for the 
stand level simulators. 
VIII.4 Sustainability indicators 
Forest management affects the status and dynamics of the ecosystem affecting derived 
goods and services. For this reason, FMAs have implications on all dimensions of 
sustainability: social, environmental and economical. Under the scope of the EFORWOOD 
project a list of social, economic and environmental indicators was compiled. Out of this 
list, a smaller subset was chosen to integrate SIMPLOT. Those indicators are described in 
the next points. 
At the economic level, production costs from inside and from outside the Forestry Wood 
Chain (FWC), labour costs as well as total production costs are calculated in the regional 
simulator. Production costs from inside the FWC are defined as the cost of any wood raw 
material proceeding from FWC processes, such as, for instance, plants used for planting. 
On the other hand, production costs from outside the FWC include fertilizers, plastic tree 
protectors, etc. Labor costs are the costs of remunerating workers for the work performed 
in a silvicultural operation. It includes: payments for the time paid for but not worked, 
bonuses and gratuities, the cost of food, drink and other payments in kind, cost of 
workers’ housing borne by employers, employers’ social security expenditures, etc. Total 
costs result from summing up the previous costs. The input data to calculate the indicators 
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derives from the consumable costs and the costs of the silvicultural operations listed in the 
Portuguese statistics (CAOF 2010). This information combined with the FMA descriptions 
listing the operations that occur allows calculating materials and labor costs. 
At the social level wages and salaries were considered. This indicator reflects the gross 
earnings classified by gender and expertise. Wages and salaries are the rates paid for 
normal time of work, comprising: basic wages and salaries, cost-of-living allowances and 
other guaranteed and regularly paid allowances. Overtime payments, bonuses and 
gratuities, family allowances, other social security payments made by the employer 
directly to employees are disregarded.  
The group of environmental indicators is the most complete one providing information on 
forest resources (standing volume, harvested volume and biomass), GHG balance 
(carbon stock, carbon sequestration and carbon sequestered in forest products) and 
forest areas (by age classes, new planted area, abandoned area, burnt area and so on). 
Unlike the indicators in the previous classes, which depend on statistics to be calculated, 
the evolution of environmental indicators depends on the evolution of forests simulated 
with SIMPLOT.  
 
VIII.5 Future Perspectives 
Regional simulators are ever-improvable tools. SIMPLOT can be used to gain insight into 
the future development of the Portuguese eucalyptus forest. Its functioning is based on 
several empirical growth models, on a set of implicit assumptions and on a series of 
programming algorithms responsible for implementing the drivers expressing disturbance 
factors. SIMPLOT was designed to be applicable to all types of stands and its reliability 
has been corroborated. However, a number of future improvements can be proposed to 
amend the accuracy of results either in terms of growth models or of improvements 
required on the drivers’ modules: 
 Improve SIMPLOT growth projections for highly stocked stands by replacing the 
correction factors currently applied to Globulus 3.0 model with GlobEP model 
developed to simulate the growth of these stands  
 Implement GLOB3PG process-based model to allow making long-term projections 
under different climate scenarios 
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 Integrate tree level models to allow simulating all types of stands per si avoiding 
the simplification of converting  mixed stands into pure stands  
 Develop an algorithm to accomplish a realistic transition of even- to uneven-aged 
stands so that the area of uneven-aged stands will be more accurately estimated 
(at present under-estimated). 
 Conduct SIMPLOT validation for the long-term. 
 Perform a complete sensitivity analysis to better understand the relative 
importance of the different simulation parameters. 
 Integrate the use of remote sensing data to implement in a more accurate way 
some of the drivers, such as afforestation and deforestation 
 Spacialize the fire algorithm  
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